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ABSTRACT
Nanotechnology has revolutionalized the landscape of modern science and
technology, including materials, electronics, therapeutics, bioimaging, sensing, and the
environment. Along with these technological advancements, there arises a concern that
engineered nanomaterials, owing to their high surface area and high reactivity, may exert
adverse effects upon discharge to compromise biological and ecological systems.
Research in the past decade has examined the fate of nanomaterials in vitro and in vivo,
as well as the interactions between nanoparticles and biological and ecosystems using
primarily toxicological and ecotoxicological approaches. However, due to the versatility
in the physical and physicochemical properties of nanoparticles, and due to the vast
complexity of their hosting systems, the solubility, transformation, and biocompatibility
of nanomaterials are still poorly understood.
Accordingly, this dissertation offers a mechanistic study on the differential
translocation of pristine and water-soluble fullerene nanoparticles in mammalian and
plant cells (Chapter 2), an investigation on membrane fluidity upon exocytosis of gold
nanoparticles by the cell (Chapter 3), and an in-depth examination of the formation of an
array of nanoparticle-protein coronas and their interactions with lipid vesicles and the cell
(Chapters 4 and 5).
The organization of this dissertation is as follows.
Chapter 1 presents a review on the general applications (gene and drug delivery,
imaging, sensing, nanotherapy) and implications (toxicity) of nanomaterials, mostly
within the context of biological systems. In addition, this chapter documents the

ii

endocytotic and exocytotic pathways of the cell, and reviews the state-of-the-art of our
understanding

of

nanoparticle-protein

corona

formation

and

nanoparticle-cell

interactions, two precursors of nanotoxicity.
Chapter 2 offers, for the first time, a parallel study on the differential uptake of
hydrophobic and amphiphilic fullerene nanoparticles by Allium cepa plant cells and HT29 mammalian cells, two model systems representing ecological and biological systems.
Methodologically, this study was conducted using a plant cell viability assay, bright field
and fluorescence imaging, and, extensively, electron microscopy imaging.
Chapter 3 examines an important but rarely documented aspect of cellular
response to nanoparticles – exocytosis. A lipophilic Laurdan dye was used to partition
into HT-29 mammalian cell membranes. Membrane fluidity as a result of the discharge of
gold nanoparticles was inferred from UV-vis absorbance as well as by calculating the
general polarization value of the dye -- hereby treated an electric dipole in a lipid bilayer
continuum -- based on its fluorescence emissions at two characteristic wavelengths.
Chapter 4 concerns protein adsorption on carbon nanotubes (CNTs) to form
protein coronas in cell culture media, an environment relevant to both in vitro and in vivo
studies. A label-free mass spectrometry-based proteomic approach was employed, and
the compositions of the protein forming coronas on a set of CNTs were examined. The
physicochemical properties of the CNTs were also extensively characterized in order to
establish a correlation between protein adsorption and CNT surface properties.
Chapter 5 characterizes the formation of a serum albumin corona on silver
nanoparticles and evaluates the impact of silver nanoparticle-albumin corona on the
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fluidity of an artificial lipid vesicle. The reason of adopting a lipid vesicle in this study is
to eliminate endo- and exocytosis and pinpoint the roles of physical forces in
nanoparticle-cell interactions. In this chapter we also show the formation and
conformational changes of fibrinogen corona in HT-29 cell lines. Fibrinogen is one of the
most abundant types of plasma proteins in the bloodstream.
Chapter 6 summarizes the major findings in this dissertation and presents future
work inspired by this PhD research.
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CHAPTER 1.

LITERATURE REVIEW

1.1 Introduction
Since Richard Feynman’s dream of “maneuvering things atom by atom”,
researchers have been pushing the limit of dimensions at which matter can be
manipulated. With the inventions of electron microscopy and scanning probe microscopy,
one can now observe and manipulate matter on the nanometer, or even atomic scale. Two
decades of development later, nanotechnology has now become a highly interdisciplinary
area of research, benefiting from the advancement in device/semiconductor physics,
surface science, organic/biochemistry, cellular/molecular biology, and microfacrication,
etc. Nanotechnology has also provided vastly new opportunities in materials science,
electronics, diagnostics, medicine, and industrial engineering.
The properties of the materials change dramatically when their sizes are reduced
from the bulk level to the nanoscale. The special properties relative to their bulk forms
include: quantum confinement in semiconductor materials, surface plasmon resonance
(SPR) in metallic materials, and superparamagnetism in magnetic materials. Reactivity of
nanomaterials is usually magnified due to the much-increased surface area to mass ratio,
such as that found in super catalytic nano-sized titanium particles. Thus, different
approaches and strategies should be taken when dealing with nanosized objects.
Due to their unique physical and chemical properties and sizes comparable to
biological matter, nanomaterials naturally converge with biology to elicit interesting
phenomena. With the growth in the biological applications of nanomaterials, a
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comprehensive understanding of the interactions between nanomaterials and biological
systems has become essential to facilitate the applications and mitigate the adverse
effects associated with nanomaterials. Such understanding can be achieved by integrating
physical and biological sciences and nanotechnologies.
In this dissertation, the principles of physics, materials science, biochemistry,
cell/molecular biology, as well as the techniques of spectroscopies and microscopies are
utilized to investigate the interactions between biological matter, including the cell,
artificial lipid membranes, and proteins, and nanoparticles (NPs) such as fullerenes and
their derivatives, metallic gold and silver NPs, and carbon nanotubes, etc. Specifically,
chapter 2 of this dissertation is focused on the cellular response and uptake of both
mammalian and plant cells to either hydrophilic of hydrophobic NPs; chapter 3 discusses
the discharge of NPs from the cell; chapter 4 describes the molecular interactions of
proteins and carbon nanotubes; chapter 5 illustrates the impact of NP-protein corona on
both lipid vesicles and living cells. The overall goal of this dissertation is to present a
complete picture of NP-biosystem interactions.

1.2 Biological Applications of Nanomaterials
Based on their unique structural, physiochemical and optical properties,
nanomaterials have found their application in various bio-related areas. For example,
fullerene has been demonstrated to have anti-oxidative properties, [1] quantum dots have
been used as fluorescence imaging agent, [2] magnetic NPs have been used as contrast
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agents in magnetic resonance imaging (MRI) [3], liposomes can be used to deliver drugs
and other biomolecules into the cell [4]. The aim of this section is to review the biorelated application of nanomaterials to illustrate the importance of understanding cellnano interactions.

1.2.1 Drug/gene Delivery

The surface charge, chemical coating, morphology and hydrophobicity of NPs
enable their binding with pharmaceutical agents or other biological molecules through
electrostatic and hydrophobic interactions, hydrogen bonding, and van der Waals (vdW)
forces, etc. [5] The small size enables the NPs to be taken up by the cells more easily than
other larger carriers. [6–11] It the NPs are conjugated with specific ligands, they can be
used to target very specific type of membrane receptors. The release of bound drug
agents or molecules can accordingly be administered by changing the surface properties
of the NPs. So far, various nanomaterials have been shown to be able to deliver
therapeutic drugs, [12] ribonucleic acid (RNA), [13] deoxyribonucleic acid (DNA) [14],
or lipids [15] into different cells or tissues within the body.
Kim et al. demonstrated the delivery of small interfering ribonucleic acid (siRNA)
into human prostate cancer cells using cationic solid lipid NPs (SLN) reconstituted from
low density lipoprotein (LDL).[13] In this study, the cationic SLN with a diameter of
~117 nm was prepared using a modified solvent-emulsification method from cholesteryl
ester, triglyceride, cholesterol, dioleoylphosphatidylethanolamine (DOPE), and 3-[N-
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(N′,N′-dimethylaminoethane)- carbamoyl]-cholesterol (DC-chol) to mimic the chemical
composition of a LDL particle. siRNA was conjugated with polyethylene glycol (PEG)
through a disulfide bond, then anchored onto the surface of SLN via electrostatic
interactions to render stable complexes in buffer solution and cell culture medium.
(Figure 1-1) Such complex exhibited a higher gene silencing efficiency of green
fluorescent protein (GFP) and vascular endothelial growth factor (VEGF) with a much
lower cytotoxicity compared to that of polyethylenimine (PEI). Kim et al. also conducted
flow cytometry studies to show that siRNA-PEG/SLN complexes were indeed efficiently
taken up by the cells.

Figure 1-1 Schematic diagram of the assembly of lipid portions of low density lipoprotein
(LDL), DOPE, and DC-chol for preparation of solid lipid NPs (SLN). The formulation of
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siRNA-PEG/SLN complexes via electrostatic interactions between the positively charged
SLN surface and negatively charged siRNA is illustrated. [13]

In another study conducted by Murakami et al., the in vitro binding and release of
anti-inflammatory glucocorticoid dexamethasone (DEX) by single-wall carbon
nanohorns (SWNH) and their oxidized form (oxSWNH) were investigated. [16]
Adsorption analysis (Figure 1-2) using [3H]-DEX determined that the adsorption capacity
of oxSWNH to be ~200 mg/g in 0.5 mg/mL of DEX solution, ~6 times larger than that
obtained for SWNHs. Adsorption kinetics of H2-treated oxSWNHs indicated that
oxSWNHs had a higher affinity for DEX than SWNHs due to the nanowindows in walls
of oxSWNHs, not the oxygen functional groups. Such nanowindows allowed small
molecules to infiltrate into the inner space of SWNHs, and the strong binding energy to
the interior surface possibly contributed to the increased affinity for DEX. The authors
also examined the responsiveness of glucocorticoid response elements (GRE) to DEX
released from DEX-oxSWNHs using a reporter plasmid, pBV@-MMTV-LUC, which
contained a luciferase gene under the control of GREs. As a result, the expression of
luciferase positively corresponded to the DEX uptake rate. Figure 1-3 shows that free
DEX activated expression of luciferase in a concentration-dependent manner. At
concentration >0.1 M, the activation was suppressed to levels below that seen at 0.1
M. In addition, DEX-oxSWNHs also activated expression of luciferase dosedependently whereas empty oxSWNGs induced no activation.

5

Figure 1-2 Langmuir adsorption isotherms describing adsorption of DEX by oxSWNHs,
oxSWNH-H2s, and SWNHs in a 1:1 ethanol/H2O mixture: plotted is the amount of DEX
adsorbed vs. the steady-state drug concentration; DEX-oxSWNHs (closed squares);
DEX-oxSWNH-H2s (closed triangles); DEX-SWNHs (closed circles). oxSWNHs, oxSWNH-H2s, or SWNHs (50 µg/mL) and the indicated concentrations of DEX containing
[3H]-DEX were mixed in 1:1 ethanol/H2O and incubated overnight. The mixtures were
then centrifuged and DEX-oxSWNHs, DEX-oxSWNH-H2s, or SWNHs in the residues
were quantified using a liquid scintillation counter. [16]
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Figure 1-3 Effects of DEX-oxSWNHs and oxSWNHs on GR transcriptional activity. ST2
cells were transfected with pBV2- MMTV-LUC and treated with DEX, DEX-oxSWNHs,
or oxSWNHs for 12 h. Firefly luciferase activity was measured in the cells lysates and
normalized to the luciferase activity. The values in the figure represent the means of
duplicate determinations. [16]

1.2.2 Imaging and Detection

Many nanomaterials possess unique optical or magnetic properties that can be
utilized in various types of biomedical detection and imaging. For example, SPR of metal
NPs like gold and silver can be utilized for the detection of adsorption of biological
molecules like lipids and proteins as well as enhanced Raman spectroscopy and
microscopy; [17–22] Raman scattering signal [23] and near infrared (NIR)
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fluorescence/photoluminescence [24] of carbon nanotubes are often employed in
biomolecule tracking, tissue and cell imaging.
Welsher et al. showed whole-animal imaging can be accomplished using an
InGaAs camera in the 1-1.7 m spectral range by detecting the intrinsic NIR
photoluminescence of single-walled carbon nanotubes (SWCNT). [24] Due to the low
autofluorescence and the ability to penetrate tissues beyond 1 m in the near IR region,
the photoluminescence of SWCNT can be used in tissue or even whole animal imaging.
In this study, debundled and solubilized (in sodium cholate) pristine SWCNTs were
further processed, displacing the attached sodium cholate with a phospholipidpolyethylene glycol (PL-PEG) group to obtain over one order of magnitude increased
relative quantum yield compared to SWCNTs directly dispersed in PL-PEG as well as
near-zero autofluorescence background in the SWCNT emission range (1,100-1,700 nm).
(Figure 1-4) The NIR photoluminescence signal showed good tissue penetration, with
clear images of SWCNTs in the vasculature under the skin.
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Figure 1-4 a, Schematic of the exchange process. Cholate (red and white balls) on
SWCNTs (grey) is dialysed and eventually replaced by phospholipid–polyethylene glycol
(PL–PEG) to form biocompatible nanotubes without damaging the integrity of the
nanotube sidewall. b, NIR photoluminescence images of the three solutions excited at
808 nm at equal concentrations. Exchange-SWCNTs show greater fluorescence yield
than direct-SWCNTs. c, Photoluminescence versus excitation spectra show improved
quantum yield in cholate and exchange samples. The dotted lines show how peaks are
redshifted after exchange. d, UV–vis–NIR curves. Exchange- and cholate-SWCNTs
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show sharp transition peaks; direct-SWCNTs show very low and broad absorption
features. PL, photoluminescence. [24]
Metallic NPs such as gold (AuNP) or silver (AgNP) possess a unique optical
property – SPR: the free electrons can be resonantly excited at certain optical frequencies,
enhancing the electromagnetic field at the NP surfaces. [25] As a result, these metallic
NPs

are

often

used

to

enhance

the

surface

sensitivities

of

fluorescence,

photoluminescence emission [26], or Raman scattering [27]. In a recent study Wang et al.
developed a specific and sensitive methodology using epidermal growth factor (EGF)surface enhanced spectroscopy (SERS) NPs to rapidly detect circulating tumor cells
(CTC) in peripheral blood specimens from squamous cell carcinoma of the head and neck
(SCCHN) of patients. [27] 60 nm citrate-stabilized AuNPs were conjugated with EGF
through PEG-SH, with the N terminus of EGF peptide attached to the carboxyl function
groups of PEG. (Figure 1-5) Due to the over expression of EGF receptor (EGFR) in the
SCCHN cells, the EGF-functionalized AuNPs can easily attach to the SCCHN cells to
induce SERS signals.
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Figure 1-5 Design of EGF-SERS NP for labeling and detection of CTCs. A, preparation
and schematic structures of Raman-encoded, PEG-stabilized, and EGF-peptide–
functionalized SERS NP. B, TEM image and dynamic light scattering (DLS)
measurement. C, assay principle of CTC detection from whole blood using EGF-SERS
NPs. [27]

1.2.3 Nanotherapy

Some NPs possess properties that endow them as therapeutic agents. For example,
metallic or metal-coated NPs can be used in photodynamic therapy with illumination
from outside sources; some fullerene derivatives have been found to have anti-oxidative
properties.
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Loo et al. reported that gold-coated silica NPs (nanoshells) can be used for cancer
therapy. [28] In one scheme, a 35 nm thick gold shell was grown on the surface a 120 nm
silica core by the adsorption of small gold particles (1-3 nm) from gold colloids onto the
silica surface. The optical resonance of those nanoshells in the NIR region, and the tissue
penetrating property of NIR light allowed their combination for highly localized heating
of targeted cancer cells. Then HER2 or IgG antibodies were tethered onto the gold
nanoshell surfaces for the recognition by tumor cells. SKBr3 breast cancer cells were
incubated with these nanoshells and exposed to NIR laser and the damaged cells were
labeled with calcein-AM afterward. Figure 1- demonstrates the nanoshell-mediated
photothermal destruction of tumor cells. After laser exposure, the cells within the laser
spot from nanoshell containing samples underwent photothermal destruction as indicated
by calcein-AM staining, while such effect was not present in samples exposed to
nanoshell or NIR illumination alone.

Figure 1-6 Calcein-AM staining of cells (green fluorescence indicates cellular viability).
Left: cells after exposure to laser only (no nanoshells). Middle: cells incubated with
nanoshells but not exposed to laser light. Right: cell incubated with nanoshells after laser
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exposure. The dark circle seen in the image on the right corresponds to the region of cell
death caused by exposure to laser light after incubation with nanoshells. [28]

Fullerene and its derivatives have been found to possess anti-oxidative properties;
they can be used as medication against oxidative stresses induced by toxins, aging, and
environmental stresses, etc. Our group recently reported that a hydroxylated fullerene
derivative (fullerol, C60(OH)20) could suppress cell damage as well as reactive oxygen
species (ROS) production induced by copper ions. [29] In this study, images of HT-29
cells were obtained for cell count after incubation with different agents. Toxicity was
found to be decreased for cells pre-exposed to 20 mg/L fullerol relative to corresponding
controls by 68.9% and 75.0%, after the cells were washed and then exposed to copper at
LD20 and LD50 concentrations. (Figure 1-a) Furthermore, a DHL cell viability and
proliferation assay kit (AnaSpec) was used to detect cell damage by the fluorescence
intensities of the resorufin, which indicated the mitochondrial dehydrogenase activity of
the cells. The cells treated with 20 and 50 mg/L fullerol showed 29.6% and 68.5%
reduced damage for 6 h exposure to copper, 14% and 27.5% reduce for 12 h exposure.
(Figure 1-b). Such reduce in toxicity was attributed to the anti-oxidative property of
fullerol, proved by a ROS production study showing pretreating the cells with of 20 mg/L
fullerol significantly decreased the cellular accumulation of ROS induced by copper and
hydrogen peroxide by 14.3% and 15.0%, (Figure 1-b) while the addition of same
concentration of fullerol in cell culture medium did not affect the ROS accumulation.
(Figure 1-a)

13

Figure 1-7 Cell damage in the presence of fullerols and copper ions. (a) Cell count: the
cells were pre-exposed to 20 mg l−1 of fullerols and the washed cells were then treated
with copper at LD20 and LD50 concentrations. After 24 h, the cells were washed three
times with PBS and cell numbers were counted. The controls for calculating cell damage
for medium and medium+fullerols (20 mg l−1, LD20) samples were the medium and
medium+fullerol (LD20) without any copper ions. The results are the means±standard
errors of three repeats. Statistically significant differences between the band intensities
were determined by the Student’s t -test (* p < 0.05). (b) Relative damage of HT-29 cells
pre-exposed to 0 mg/l (control), 20 mg/l, and 50 mg/l fullerols after 6 and 12 h and
subsequent exposure to copper at LD50 concentration. The damage was calculated
relative to the controls containing no copper ions. The results are the means±standard
errors of eight repeats. [29]
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Figure 1-8 Intracellular ROS production after cell exposure to fullerols for 9 h and to
copper (LD50) and H2O2 (10 µM) for an additional 9 h. The cells were first treated with
1 mMDCFH-DA for 60 min. (a) The cells were incubated with 20 mg l−1 fullerols and
their fluorescencewas monitored up to 9 h. (b) Accumulation of intracellular ROS
products in the presence (darker bars) and absence (lighter bars) of 20 mg l−1 fullerols
after 9 h. The results are the means±standard errors of two experiments each carried out
in triplicate. RFU: relative fluorescence units. Statistically significant differences
between the samples and the controls in each condition were determined by the Student’s
t -test (*: p < 0.05). [29]
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1.3 Implications of Nanomaterials

1.3.1 Production of Nanomaterials

Due to their large potential in biomedical research as well as in other industries
such as home appliances, electronics, automotive, and cosmetics, a vast and rapidly
growing quantity of nanomaterials has been produced every year. (Figure 1-9) [30] The
total production of nanomaterials is projected to increase from estimated 2,300 tons in
2006 to 58,000 tons by the end of 2020. [31] As a result, understanding the fate of both
administered and unintentional release of nanomaterials in biological and ecosystems has
become crucially important for guiding the safe development of nanotechnology and
human health and environmental protection.

Figure 1-9 (Left) Number of total products listed, by date of inventory update, with
regression analysis. (Right) Numbers of products associated with specific materials. [30]
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1.3.2 Toxicity of Nanomaterials

As aforementioned, the effects of nanomaterials on biological systems highly
depend on the physicochemical properties of the materials (size, aspect ratio,
morphology, charge, surface coating, etc.). [32–40] Along with the numerous
applications of nanomaterials in diagnostics and bioimaging, the toxicities of these
materials have become a major concern. Studies suggested toxicities associated with the
exposure of biological systems to nanomaterials could be attributed to different causes,
such as membrane damage, [41], [42] toxic metal ion release, [43–45] ROS production,
[32], [36], [46–50] binding with specific cellular machineries that prohibit their normal
functionality, [51–53] and genotoxicity, [32], [54–61] etc. Yang et al. found both particle
composition and shape were key factors in determining the toxicity of nanomaterials.
[32] They utilized methyl thiazolyl tetrazolium (MTT) and water-soluble tetrazolium
(WST) assays to evaluate the cytotoxicity of 4 types of NPs: carbon black (CB),
SWCNT, silicon dioxide (SiO2) and zinc oxide (ZnO). ZnO was found to be much more
toxic than the non-metal NPs. (Figure 1-5). Their further measurements on glutathione
depletion, malondialdehyde production, superoxide dismutase inhibition, and reactive
oxygen species generation indicated that oxidative stress could play an important role in
causing toxic effects. Although carbon nanotubes (CNTs) were less cytotoxic, comet
assay showed that they induced more DNA damage. In comparison, CB and SiO2 were
found relatively non-toxic. Other studies suggested that ion release of metallic NPs could
be a major cause of cytotoxicity. For example, Hanagata et al. proposed that the
mechanism for lung epithelial A546 cell response to copper oxide (CuO) NPs was
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derived from the copper ions released from the CuO-NPs in the aqueous solution. [62] In
their study, the A546 cells were exposed to either CuO-NP or the ions released by CuONPs and assessed with WST assay which is based on the production of formazan from
WST-8 by mitochondrial dehydrogenases in viable cells. Their results showed that both
CuO-NPs and the released copper ions damaged mitochondria after 4 h of exposure.
Their study further revealed genotoxicity induced by the CuO-NPs: after exposure, genes
involved in mitogen-activated protein kinase pathways were upregulated while genes
involved in cell cycle progression were downregulated, similar to cells exposed to Cu
ions.

Figure 1-5 Viability of PMEF cells exposed to NPs with different exposure
concentrations determined by the WST assay. Cells were respectively treated with 5, 10,
20, 50 and 100 μg/ml of CB, CNT, SiO2 and ZnO for 24 h. The viability was measured
with the WST assay and results are given in percent related to untreated to controls.
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Results are the mean ±SEM (vertical bars) of three independent experiments each carried
out in triplicate. *P < 0.05; **P < 0.01 in comparison to untreated controls. [32]

Valant et al. conducted a related study on the toxicity of TiO2 and ZnO NPs as
well as fullerenes in vivo. [63] In this study an acridine orange/ethidium bromide
(AO/EB) assay was used for assessment of cell membrane stability of entire organs
exposed to targeted nanomaterials. The digestive glands (hepatopancreas) of terrestrial
ispods were taken as a model system for toxicity assessment. After validated with
Cu(NO3)2 and surfactants, this assay showed that all tested nanomaterials had the
potential ability to destabilize cell membranes. Among the three types of nanomaterials,
fullerene caused the most significant membrane destabilization. (Figure 1-6) Also,
sonicated NPs were found to be more biologically active than the nonsonicated ones.
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Figure 1-6 Membrane integrity (nuclei stained with EB) of the hepatopancreatic cells
after oral application of NPs. Statistical differences between control group and exposed
groups are marked as different numbers of stars (p<0.05 – *, p<0.01 – **). [63]
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Figure 1-7 Differences in the structure and cellular activity of nano-C60, C3, Na+2-3[C60O79(OH)12-15]

(2-3)-

, and C60(OH)24. The structure of each fullerene species is shown in the

table, as well as the live and dead stains. (Bottom) The differential cytotoxicity of nanoC60 () as compared to C3 (▲), Na+2-3[C60O7-9(OH)12-15](2-3)- (●), and C60(OH)24 (▼) in
human dermal fibroblasts. Cells were exposed to toxicant for 48 h. [64]

The toxicities of fullerenes and their derivatives were also assessed by Sayes et al.
[64] Their study revealed that pristine C60 was cytoxic to both human dermal fibroblasts
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(HDD) and human liver carcinoma cells (HepG2) at the 20 ppb level. In comparison, the
carboxylated C3 and Na+2-3[C60O7-9(OH)12-15](2-3)- water-soluble fullerene derivatives were
less toxic, while C60(OH)24 showed no toxicity up to its upper limit of solubility. This
result implies that functional groups on the surface of fullerenes that render their
solubility also significantly decrease their cytotoxicity. (Figure 1-7) The superoxide
anions generated by fullerenes in cell-free studies could be responsible for membrane
oxidation exhibited in such cytotoxicity tests.
In connection with their potential for biomedical imaging, the toxicity of quantum
dots (QDs) has also been studied extensively on both cellular and whole organism level.
[39], [65–68] QDs usually have a core/shell structure composed of atoms from groups IIVI and III-V on the periodic table, such as cadmium (Cd), selenium (Se), lead (Pb) and
arsenic (As), often synthesized with polymer surface coatings to yield stability and steric
separations of the NPs in aqueous solution. Soluble organic polymers such as PEG as
well as biomolecules such as amino acids, peptides, DNA have been used for surface
coating of QDs to render their water solubility and biocompatibility. [66] Many of the
core materials for QD synthesis are known to be toxic, however. When QDs are applied
under conditions where degradation of the shell or coating materials is feasible, exposure
of their toxic cores to the aqueous environment, often oxidative, would release toxic ions
to the host system. As a result, the stability of the shell or surface coating is one of the
key factors in the assessment of QD toxicity. [69] Strategically, additional functional
groups or ligands can be attached to the surface of QDs to improve the biocompatibility
and bioavailability. Derfus el al. showed CdSe-core QDs were cytotoxic to hepatocytes
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by releasing Cd ions through the formation of reduced Cd due to surface oxidation. Such
toxicity was shown to be significantly reduced by surface coating with ZnS or bovine
serum albumin (BSA). [39] Li et al. found that the difference in the chirality of the
Glutathione surface coating could also affect the cytotoxicity of QDs: nonbiologically
active D-tripeptide glutathione (GSH)-coated QDs showed less cytotoxicity than L-GSHcoated ones, possibly due to chirality-dependence of autophagy activation, which is
usually correlated with cell death. [66]
Besides entering mammalian cells or tissue during medical procedures, NPs
unintentionally released to or naturally formed in the environment could elicit an
ecotoxicity. In the ecosphere nanomaterials could interact with various organisms
including animals, plants and microbes, and get transferred through the entire food chain.
Consequently, nanomaterial-induced toxicity on aquatic organisms has been evaluated.
Oberdörster reported that engineered fullerenes could induce oxidative stress in the brain
of juvenile largemouth bass, [70] and significant lipid peroxidation was found in the
brains of large-mouth bass after 48 h of exposure. Fang et al. found that both Gramnegative and Gram-positive bacteria changed their phospholipid composition and
assumed phase transition after exposure to fullerenes. [71] Roberts et al. discovered that
Daphnia magna ingested lysophophatidylcholine (LPC)-coated SWCNT through a
normal feeding behavior and modified solubility of the nanotubes through digesting the
LPC coating. Such modification of nanotube surface chemistry led to an acute toxicity at
high concentrations. Lin et al. and Bhattacharya et al. examined the effect QDs and
plastic NPs on algal photosynthesis, and found that the adsorption of both QDs and
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plastic NPs significantly inhibited photosynthesis through either altering the
photochemistry of plant species or the blockage of light and airflow. In the case of plastic
NP, such adsorption was found to also promote algal ROS production. [72], [73]
Plants are an essential part of the ecosystem, and their response to NP exposure is
therefore of great interest. [74] Lin et al. characterized the dynamic uptake, compartment
distribution and transformation of natural organic matter (NOM)-suspended fullerene C70
in rice plants, and detected transmission of C70 to the rice progeny through seeds. [23]
Liu et al. discovered water-soluble fullerenes (C70(C(COOH)2)4-8) could inhibit
Arabidopsis thaliana plant growth on the cellular level, particularly in seedling roots with
shortened length and loss of gravitropism. [75] Fluorescence imaging of the root cells
revealed phytotoxic effects at the cellular level, including auxin disruption, abnormal cell
division, and microtubule disorganization. Graphene was shown to induce phytotoxicity
in the seedling stage of cabbage, tomato, red spinach, and lettuce. [76] In this study, H2O2
visualization indicated overproduction of ROS, which could be responsible for significant
plant growth inhibition and biomass reduction. Both necrotic damage lesions and massive
electrolyte leakage indicated an oxidative stress mechanism mediated through the
necrotic pathway.

1.4 Interactions between Nanoparticles and the Cell
Numerous studies have shown that engineering nanomaterials that possess
maximal loading capacity, accurate targeting, controlled release, and minimal toxicities
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requires an intimate understanding of the interaction between nanomaterials and their
host systems. This section therefore focuses on a review of the structures, components
and activities of biological systems, the interactions of those structures and components
with NPs along their uptake pathways, and the impact of NPs on biological activities of
their host systems.
As the building blocks and functional unit of any living organisms, cells are at the
center of examining the interactions of living systems and nanomaterials. Historically
research of the nano-safety community has been focused on eukaryotic cells, especially
mammalian cells. With that consideration we review the state with the framework of
mammalian systems; the different cytotoxicities induced by nanomaterials in mammalian
and plant cells will be discussed in chapter 2. [77]
From a microscopic and physical point of view, the interaction of NPs with the
cell can be further broken down to various specific physical or chemical interactions at
the nano-bio interfaces, at the organelle or molecular level. The interactions may include
vdW force, electrostatic, hydrogen bonding, and chemical reactions. Typically the NPs
used for biological applications have diverse sizes, shapes, and chemical coatings for
enhanced solubility and biocompatibility, and the biological environment the NPs target
is vastly complex, consisting of proteins, peptides, nucleic acids, and lipids, etc. Upon
integration, the conformation of the biomolecules undergoes changes due to the presence
of the NPs, and the NP surface chemistry is readily modified by the biomolecules and
enzymes in the host systems. (Figure 1-8) In addition, the flexible, heterogeneous and
non-uniform cell membrane experiences fluctuations to account for the energy exchange
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resulting from NP-lipid/protein interactions. If the NP is comparable to membrane lipid
rafts in size, their interactions could become highly dependent on the exactly locations of
the NPs. The unevenly distributed receptors and other membrane proteins also make the
interactions difficult to predict and analyze. (Figure 1-9) The biological activities of the
cell create a dynamic interface, adding another dimension of complexity to the
interactions: active transporting of ions, proteins and other biomolecules; adenosine-5’triphosphate (ATP) dependent endocytosis and exocytosis; cell skeleton protein
polymerization; active NP transport, and processes after NP internalization, etc. (Figure
1-10) [5]

Figure 1-8 Biological molecules interacting with the surface of a NP. [5]
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Figure 1-9 A coated NP interacting with a patch of nonuniform and dynamic cell
membrane. [5]

Figure 1-10 Uptake, transport, and processing of a positively charged NP. [5]

NP-cell membrane interactions
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Cell membrane is a soft and fluid structure that envelops the cell, for both
prokaryotes and eukaryotes, separating and protecting the intracellualar organelles from
the outside environment. The functions of cell membrane include mediating the cell
volume, regulating biomolecular and ion trafficking, and maintaining the electric
potential and osmotic pressure of the cell. The integrity of the cell membrane is therefore
extremely essential for normal cellular functions. Cell membrane is made mostly from a
phospholipid bilayer, with hydrophobic fatty acid tails shielded in the middle of the
layers and hydrophilic heads pointing out toward the aqueous environment. [78], [79]
Because of the biological functionality and position of cell membrane, the interaction of
membrane with nanomaterials is a focus of study. The biological membrane is dynamic;
the assembly is formed through hydrophobic force in an aqueous environment, with
thermal dynamically driven lipid movements present, such as lateral diffusion, vibration,
and flip-flop. Due to the different physicochemical properties associated with the lipid
heads of the membrane, including head size, polarity and charge, as well as the length,
degree of saturation, and configuration isomerism of the fatty acid chain, the fluidity,
water permeability, lipid dynamics of the membrane could change significantly and
instantaneously. Accordingly, the interaction of nanomaterials of different composition
and surface chemistry with such membrane could exert a great influence on the
membrane dynamics. A molecular dynamics (MD) simulation study done by Nielsen et
al. showed a lipid bilayer perturbation caused by the presence of a transmembrane
nanotube, as well as the response of the nanotube to the lipid bilayer. The perturbations
observed include ordering of the lipid head-to-tail vectors in the membrane plane, and
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lipid tail density modulations due to molecular layering at the lipid-nanotube interface.
(Figure 1-) [80] Experimental study has also shown the impact of the presence of NP on
lipid bilayer structure. For example, Wang et al. discovered the nonspecific adsorption of
charged NPs onto an artificial lipid vesicle could induce lipid reconstruction. In this study
the lipids used to form the vesicles had a negative charge on their necks, and a positive
charge on their heads. When the vesicles were mixed with negatively charged NPs, local
gelation occurred in an otherwise fluidic bilayer, while when mixed with positively
charged NPs the otherwise gelled membrane fluidized locally. Thus, through the
adsorption of differently charged NPs, the nominal phase transition temperature could be
shifted significantly. (Figure 1-) [81]

Figure 1-16 (Left) Snapshot of the simulation unit cell consisting of dimyristoyl
phosphocholine (DMPC) lipids, coarse-grained water molecules, and one 10-ring narrow
transmembrane nanotube. The six inner hydrophobic nanotube rings are colored white
whereas the hydrophilic rings are colored blue. (Right) The lipid tails are shown in
yellow and the head groups in red, purple, and green. The water is colored in blue. [80]
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Figure 1-17 Schematic of a phospholipid bilayer vesicle with bound NPs. Binding of
anionic NPs to a lipid bilayer in the fluid phase causes the NP to template a gel phase in
the place where the NP binds. Binding-induced reorientation of the phosphocholine head
group causes lipids in the fluid phase to have lower density (A) than in the gel phase (B).
In the phosphocholine head group, P- and N+ are denoted by blue and red respectively.
[81]

Compared to mere adsorption onto the surface of cell membrane, the translocation
through membrane could have a much stronger impact on the biological functions of the
cell. Many computer simulation methods have been employed in the study of the
penetration of NPs through lipid bilayer. Qiao et al. conducted a comparison study on the
interaction of fullerene and its hydroxylated derivative (fullerol, or C60(OH)20) with a
DPPC bilayer. Their atomistic simulation showed although a pristine fullerene could

30

easily diffuse into the bilayer through transient micropores and translocate the membrane,
while the fullerol molecule could barely penetrate the bilayer. (Figure 1-, Figure 1-) For
fullerene, the translocation could further facilitate the formation of micropores, causing
the membrane leakage. For fullerol molecules, due to the hydrophilic surface
functionalization, they merely got adsorbed onto the surface, decreasing the spacing
between the lipid head groups. [82] Wong-Ekkabut et al. simulated the process of
fullerene translocation through lipid membranes using a coarse-grained model. The
energy gain of transferring fullerenes into a dioleoylphosphatidycholine (DOPC) or
dipalmitoylphosphatidylcholine (DPPC) bilayer made it favorable for the translocation,
even for fullerene clusters. After the penetration, clusters disaggregated inside the bilayer
quickly. The penetration of fullerenes induced small distortions in the structure and some
increase in membrane fluidity. (Figure 1-) Their results suggested membrane damage due
to such penetration was unlikely to occur.[83]
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Figure 1-18 Trajectory of the C60 molecule in the transmembrane (z) direction. The two
dashed lines denote the locations of density peaks of the upper and lower leaflet of the
DPPC bilayer. (A) Zoomed view of the trajectory at t=4.09 ns. (B) Histogram of the zcoordinate of the center-of-mass of C60 molecule after the buckyball enters the bilayer (t
> 4.2 ns). (C) Side view of the simulation system at t=34.5 ns. The yellow ball denotes
the C60 molecule, cyan dots denote the lipid tail groups, and the red and blue dots
represent the lipid head groups. [82]
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Figure 1-19 Trajectory of the C60(OH)20 molecule in the transmembrane (z) direction.
The two dashed lines denote the location of density peak of the upper and lower leaflets
of the DPPC bilayer. (A) Histogram of the z-coordinate of the center-of-mass of
C60(OH)20 molecule during simulation. (B) Representative side view of the simulation
system. Yellow balls and the attached large red and white dots denote the C60(OH)20
molecule, cyan dots denote the tail groups of the DPPC lipids, and the small red and blue
dots denote the lipid head groups. [82]
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Figure 1-20 a, Monomeric fullerene rapidly crosses the lipid head group region, and then
diffuses more slowly in the membrane interior. Fullerene is shown in red, the lipids in
cyan with blue head groups (phosphodiester groups), and water is yellow. The simulation
time is indicated in each snapshot. b, Penetration of a cluster of ten fullerenes. Lipid
phosphodiester groups are shown as blue spheres, lipid tails as cyan lines; water is not
represented. The permeation of fullerene clusters is much slower than for monomers, and
starts with the insertion of a single fullerene in the lipid head group region. The
simulation time is indicated in each snapshot. [83]
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Experimentally, Zupanc et al. studied the interaction of fullerene with lipid
vesicle membrane. After incubation of palmitoyloleoylphosphocholine (POPC) giant
unilamella vesicles, rupture was observed for nearly 2/3 of the vesicles within 10 min,
probably due to changes of the average mean curvature of the lipid membrane caused by
the adsorption of the fullerene. Disturbances of the lattice order of multilamella vesicles
were observed only after vigorous freeze and thaw cycles. In addition, they discovered
such effects on lipid membranes were independent of lipid peroxidation, implying the
latter possibly only occurs at later stages of membrane damage. [84] The interaction of
dendrimers with biological membrane has been of interest since such polymeric NPs have
been employed or shown great potential in drug delivery or environment remediation. For
example, Hong et al. studied the interaction between positively charged (amine
terminated) generation 7 (G7) polyamidoamine dendrimers and lipid bilayers. Their
atomic force microscopy (AFM) measurement revealed that the dendrimers caused
formation of nanoscale holes of 15 and 40 nm, hypothetically due to electrostatic
interactions and formation of dendrimer-nulceated lipid vesicles, while carboxylate
surface functionalized dendrimers reduced the hole-formation because of their negative
charge; instead they expanded the size of pre-existing defects in the membrane. [41]
Neutral dendrimers (capped with acetamide) caused neither hole-formation nor defectexpansion due to the absence of electrostatic interactions. This study further showed pore
formation on live cells was also surface chemistry dependent: amine-terminated G5
dendrimers caused a much more significant leakage for both KB and RAT2 cells than
acetamide-terminated ones.
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Endocytosis of NPs
The physicochemical interactions between NPs and cell membranes are essential
for the understanding of the onset of cellular response to the presence of NPs. However,
various biological activities are also involved, such as receptor recognition of ligands on
the NP surfaces, and endocytosis and exocytosis of NPs. Endocytosis, as one of the major
pathways of cellular trafficking of molecule or particles from the extracellular
environment, involves dynamic and spontaneous membrane and cytoskeleton activities
rather than passive diffusion controlled by the gating mechanism. Endocytosis is present
in all types of cells across the body and essential for polar macromolecules such as
proteins, growth factors, hormones to pass through the amphiphilic cell membrane, which
have to be carried through membrane-bound vesicles produced by invagination and
pinching-off of the cell membrane. [85] Endocytosis through different mechanisms
generally falls into two categories: phagocytosis (cell eating) and pinocytosis (cell
drinking). [86], [87] Specifically, phagocytosis is a cellular process of engulfing solid
particles, such as bacterial, yeast or large debris of dead cells by cell membranes, and is
only seen in highly specialized cell types, including macrophages, monocytes, dendritic
cells, mast cells, and neutrophils, usually well regulated by specific cell-surface receptors
and signaling mechanisms that trigger an actin folding-initiated process of cell-surface
extending and wrapping around the antibody-coated particles. Phagocytosis is considered
as a crucial part of immunological activity against and inflammatory response to foreign
pathogens, it could also play an important role in the immune response to the exposure of
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NPs, and is currently of great interest for the understanding of the fundamental
mechanisms of nanotoxicity by both immunologists and toxicologists. The study of the
interaction of NPs with phagocytes could benefit the understanding of inflammatory
symptoms manifested on the whole organism level when the subject is exposed to toxic
NPs. Pinocytosis, on the other hand, is the fluid-phase uptake from the extracellular space
into the cell, commonly found in all cell types, including macropinocytosis, clathrinmediated endocytosis, caveolae-mediated endocytosis, and clathrin- and caveolaeindependent endocytosis. The schematic illustrations of those different types of
endocytosis, typical sizes of their endocytic vesicles, and the nature of their cargo are
shown in Figure 1-11. Macropinocytosis, similar to phagocytosis, is also caused by
membrane protrusion driven by the folding of actin to form generally large volume of
endocytic vesicles. The initiation of macropinocytosis could be stimulated by signaling
molecules such as growth factors, but is nonspecific in the substance that it takes in. For
clathrin-mediated or caveolae-mediated endocytosis only specific substance that is
targeted at is engulfed, since the processes of both are initiated by the recognition of a
specific ligand on the target by the receptors present at the endocytic pit on the cell
membrane. Clathrin-mediated endocytosis is facilitated by the bending of membrane and
formation of clathrin-coated endocytic vesicles. While in caveolae-mediated endocytosis,
the bending of membrane is caused by caveolin, a dimeric protein that binds to
cholesterol. Due to their initiation by highly specific binding between the receptors on the
endocytic pit and the ligands on the target, clathrin- and caveolae-mediated endocytosis
are utilized in transporting specific materials that the cells need, such as LDL, transferrin,
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and growth factors antibodies, etc. Such specificity allows endocytosis to be employed in
highly controlled and targeted delivery.

Figure 1-11 Multiple portals of entry into the mammalian cell. The endocytic pathways
differ with regard to the size of the endocytic vesicle, the nature of the cargo (ligands,
receptors and lipids), and the mechanism of vesicle formation. [86]

A number of studies have been conducted to reveal the different cell uptake
mechanisms for NPs. Kim et al. showed that poly(methoxypolyethyleneglycol cyanoacrylate-co-hexadecylcyanoacrylate) (PEG-PHDCA) NPs were internalized through
clathrin-coated pit dependent and LDL-receptor-mediated endocytic pathways by rat
brain endothelial cells. [88] Their experiments demonstrated that PEG-PHDCA NPs
could be recognized by LDL-receptor at the external surface of the cell membrane to
form a complex, and then such complex was internalized through clathrin-coated pit
formation. Subsequently, the LDL-receptor was recycled and the NPs were transferred to
endosomes/lysosomes. Verma et al. revealed the connection between cell internalization
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and surface geometry of the NPs. They found that NPs with homogeneous and
unstructured surface were internalized primarily through energy-dependent endocytosis,
while those with structured surface were able to directly penetrate through cell membrane
at low temperature when cellular activities such as endocytosis were inhibited. [89]
While endocytosis of NPs has attracted much attention from researchers in
various areas because of its high relevance for drug delivery, bioimaging, and
nanotoxicology, the aspect of exocytosis of NPs has been rarely documented. Exocytosis
is essentially an opposite process of endocytosis, in which the cell prepares the substance
to be exocytosed in a vesicle, and transports the vesicle through a cytoskeletal track to the
vicinity of cell membrane, and finally fuses the vesicle with the membrane and releases
the contained substance to the extracellular space. During exocytosis, the phospholipids
that are consumed by endocytosis can be recovered back to the cell membrane, and the
balance between these two cellular biological processes is extremely important for the
maintenance of membrane fluidity and cell volume. [90–93] It should be pointed out that
both endoxytosis and exocytosis constitute the major aspects of the cell response, as
described in more detail in Chapter 3 of this dissertation.

NP-biomolecule interactions and surface-modification of NPs
Upon their entrance into bio or ecological systems, nanomaterials first encounter
various biological or organic macromolecules residing in those systems. For
nanomaterials disposed to the environment, they may interact with NOM to impose
impact on aquatic and soil organisms. [23], [94–96] For NPs used in biomedical
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applications, they may interact with the body fluid such as blood, [97–102] gastric
mucus, [103], [104] or pulmonary surfactant lipids [105], [106] before they are taken up
by the tissues or cells. The interactions between nanomaterials and biological
macromolecules could alter or impair the normal functionality of the molecules; for
example, the binding of proteins to NPs could induce changes in the secondary structures
of the proteins and thus affect the stability and folding of the proteins; also the binding to
the unfolded proteins to membrane receptors could lead to immune response of the cell.
Depending on the physicochemical properties of both the NPs and the proteins,
the mechanisms for their binding range from vdW force, hydrophobic interaction,
electrostatic, to π-stacking and hydrogen bonding. The vdW force is a short-range
interaction which decreases rapidly as the participating atoms moving away from each
other. The vdW foce between two atoms is usually very weak, however a large contact
area sometimes can be accomplished through the deformation of the proteins; thus the
vdW force can be drastically enhanced. On the other hand, the vdW force also tends to
maximize the contacting area to suppress the attractive potential energy between the
atoms, so the complementary shapes of the NP and proteins can sometimes dictate the
affinity of their binding.
Laera et al. discovered using synchrotron radiation circular dichroism (SRCD)
that at low nanomolar concentration range, the thermal unfolding temperature of human
serum albumin (HSA) decreased 6 ºC upon its interaction with silver NPs, indicating that
HSA was significantly destabilized by the NPs possibly due to a more flexible folded
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structure in the presence of the silver NPs even before the protein was thermally unfolded.
Such phenomenon was not observed for gold NPs. [107]
For carbon-based nanomaterials interacting with aromatic residue-rich proteins, πstacking is often observed. The π-stacking is an attractive interaction between aromatic
carbon rings, resulting in two most energetically preferred configurations: parallel and Tshaped. It is often observed the aromatic rings of amino acids reside parallel to the
aromatic rings of carbon sheets or fullerene cages. [108] Surface curvature was also
proposed to be one of the key factors that could affect the affinity between nano-surfaces
and proteins. By comparing the interactions of villin headpiece (HP35) with grapheme,
carbon nanotube and C60, Zuo et al. concluded that due to the different curvatures, πstacking interactions between HP35’s aromatic residues and grapheme played a major
role in the adsorption, which caused the protein to lose most of its native secondary and
tertiary structures; while for nanotubes and C60 the adsorption was primarily due to the
dispersion interaction with HP35’s aliphatic side chains. [109] Surface curvature effect
has also been studied through comparisons among different sized spherical NPs. Vertegel
et al. studied the adsorption of chicken egg lysozyme on silica NPs of various sizes with
regard to the secondary structures and enzymatic activities of the protein. They
discovered that both the adsorption capacities and secondary structural changes (loss in
α-helices) were correlated with changes in NP size and pH, indicating that decreased
surface curvature or acidity promoted protein unfolding. These results were in agreement
with their enzymatic activity measurement: 40% of the native lysozyme activity was lost
when 1/3 of the initial α-helix content remained, and as α-helix content further decreased,
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a much sharper loss in enzymatic activity was observed. The authors further proposed
that the contact between smaller NPs and proteins was limited, and as a result the
presence of the small NPs actually stabilized the protein and promoted retention of their
structure and function when compared with larger and less curved particles. [110]
However such conclusion should not be overly generalized since the interaction between
proteins and a NP surface not only depends on the NP curvature but also the
physicochemistries of both the protein and the particle: if the protein is energetically
obliged to fully unfold to obtain a maxima contact with the NP, one might observe a
greater change in both structure and function.
On a related topic, Wang et al. reported relatively weak interactions between
silica NPs and Subtilisin Carlsberg (SC) – a non-specific protease – could significantly
alter the conformation and enzymatic activity in a NP-size dependent fashion. In this
study, data obtained from a colorimetric activity assay was analyzed using the MichaelisMenten model, showing an increased Michaelis constant Km, which indicated the
competitive inhibition of enzymatic activity because the NPs could act as a competitor to
the substrate, while change in the turnover number kcat suggested a long-term
conformational alteration of the enzyme. [111]
Hydrogen bonding (H-bonding) is another key intermolecular force involved in
nanparticle-protein interaction because of the abundance of hydrogen donors and
acceptors on the protein surface. It was reported that H-bonding between NPs and
proteins could inhibit protein-protein interaction, including polymerization of protein
complexes by their monomers or dimers. Ratnikova et al. reported that the presence of
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fullerol inhibited microtubule polymerization in vitro even at low micromolar
concentrations, as indicated by shortened microtubule length and decreased release of
inorganic phosphates. Such inhibition was attributed to the formation of hydrogen
bonding between the fullerols and the tubulin heterodimers as shown by docking and MD
simulations. This study also showed loss in α-helix content of the tubulins as a result of
their interaction with the fullerols. [53]
Another major component in protein-NP interaction is hydrophobic interaction,
which is an entropic-driven effect originating from the ability of water molecules to cage
nonpolar surfaces. In aqueous solution, most biomolecules form such structures that their
hydrophobic moieties are hidden from water, and their hydrophilic components are
present at the surfaces. Most NPs entering a biological system possess partially
hydrophobic surfaces, including the NPs with hydrophilic surface coating that is usually
incomplete. The hydrophobic interactions between proteins and NPs tend to either
integrate the NP to the hydrophobic core of the protein, or unfold the protein to expose its
hydrophobic residues. Through large-scale MD simulations of different proteins binding
with SWCNTs as representatives of hydrophobic NPs, Zuo et al. demonstrated the
SWCNTs could plug into the hydrophobic core of the proteins forming stable structures.
Such binding completely disrupted and blocked proline-rich peptide motifs (PRM) active
sites and inhibited the direct binding between the PRM and the WW domain (containing
two highly conserved tryptophan residues, critical for protein function), and further
resulted in a loss of the original function of the WW domain. Based on these observations,
the authors further suggested that the toxicity of nanomaterials or the “poisoning” of the
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proteins originated from their mutual interactions on the molecular level. [112] Ge et al.
compared the adsorption of different plasma proteins, namely bovine fibrinogen (BFG),
Immunoglobulin G (IgG), transferrin (Tf), and BSA onto SWCNTs, and found the
amounts of adsorbed proteins were correlated with the protein molecular weight and the
abundance of hydrophobic or aromatic residues, including tyrosine (Tyr), phenylalanine
(Phe), and tryptophan (Trp) in the protein. (Figure 1-12) This study also presented a MD
simulation to show π-stacking between the aromatic rings in the protein and the hexagons
on the curved carbon sheets. [113]

Figure 1-12 Adsorption kinetics and the main factors controlling the protein adsorption
on SWCNTs. (A) Kinetics curves of protein adsorption on SWCNTs. The positive
correlations between protein adsorption capacity and protein molecular weight (B) or the
number of hydrophobic amino acids (aa) (C). The positive correlations between protein
adsorption capacity and the number of Tyr (D), Trp (E), and Phe (F). The total numbers
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of (Trp, Tyr, Phe) residues are (70, 102, 104) in BFG; (28, 52, 34) in Ig; (8, 26, 28) in Tf;
and (3, 21, 30) in BSA, respectively. [113]

The interaction between a protein and a NP not only alters the structure and
function of the protein, it also causes protein adsorption onto the NP to alter the
physicochemistry of the latter. A large number of proteins adsorb onto the surfaces of
NPs due to their high binding affinity, forming either a loose (soft) or a condensed (hard)
layer(s) of surface coating that is termed as a “protein corona”. Such concept sometimes
is expanded to the surface coating of NPs by biological molecules in general, including
proteins, lipids, peptides, and nucleic acids, known as “biocorona”, which literally
defines the biological identity of the particles and determines how the cell sees them. The
existence of such corona as an entity of multiple biomolecules encasing a NP “core” can
be dynamic within the biological context: the biomolecules constantly exchange with
other nearby molecules, the residing time of the biomolecules depends on their binding
affinity for the NP surface, interactions among the biomolecules, as well as thermal
dynamics of the ensemble. The simplest thermal dynamical model of biomolecule (M)NP (NP) interaction can be expressed as: [114]
→
←

, and

[ ][

]

[

]

,

where kon is the on-rate, koff is the off-rate, and Kd is the dissociation constant. The
brackets denote the equilibrium concentrations. Such interactions may be classified as
either weak or strong, based on the magnitude of Kd. A weak binding (Kd > 10-4 M) is
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usually nonspecific, while a strong binding is typically specific such as ligand-receptor
recognition. It is worth noting that this simple model is based on single protein-single
particle interaction, while in a biological environment that is crowded with abundant
biomolecules of extremely high concentrations even weak binding molecules still are
able to coat the NP surface. Hence by comparing the thermal dynamics associated with
different NPs (material, size, surface coating, and charge, etc.), one can achieve optimal
interactions between the NPs and their host systems.
The thermal dynamics of biomolecule-NP interaction or biocorona formation can
be studied, in principle, by isothermal titration calorimetry (ITC). In ITC measurements,
the heat exchange is accurately detected during each injection, and the thermal dynamic
parameters can be calculated using different binding models. Cedervall et al.
characterized the stoichiometric ratio of the binding between HSA and Nisopropylacrylamide (NIPAM): N-tert-butylacrylamide (BAM) copolymer NPs with
different sizes. Their calorimetric results showing the binding was an exothermic process,
indicating the binding was spontaneous

and energetically favorable.

Larger

stoichiometric ratios of proteins to NPs were obtained for more hydrophobic or larger
particles, indicating that the number of adsorbed protein molecules was correlated with
surface hydrophobicity and size. [115] Baier et al. also acquired enthalpy, stoichiometric
ratio, and binding constant through ITC measurement of the interaction between BSA
and NIPAM: BAM particles with different coatings, and found that the pH of the solvent
also played an important role to invoke protonation or deprotonation of the nanopaticle
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surface coating, thus modulating the electrostatic interactions between the NP and the
proteins.[116]
Even for already formed protein corona, such structure is still highly dynamic and
is subject to constant exchange with the proteins in the surroundings, a phenomenon
known as the Vroman effect. [117], [118] Vilaseca et al. simulated the adsorption of
various plasma proteins, including albumin, immunoglogbulin-γ and fibrinogen onto a
glass surface. Their results indicated that the Vroman effect was a consequence of the
different mass, size, shape, and affinity of the proteins. Such properties govern the
diffusive behavior of the proteins and their interactions with the NP surfaces, which led
to a competitive adsorption process that had different proteins residing sequentially on
the NP surface and replacing each other until the structure was equilibrated.[119]
Dell’Ocro et al. proposed a simple and effective mathematical model to derive the
kinetics of corona formation around a copolymer NP. Their results showed that HSA was
initially bound to the NP due to its higher abundance in the plasma, but soon was
replaced by the higher-affinity and slower-exchanging apolipoproteins. In addition, the
binding between high density lipoprotein (HDL) and the particle was much stronger than
the rest, likely due to the specific binding between the NP and apolipoprotein A-I, a
major component of the HDL.[120]
The Vroman effect is dynamic and evolves when NPs are exposed to different
types of biological fluids to introduce a sequential exchange between the bound and free
proteins or other biomolecules. When NPs enter an organism, naturally they translocate
from one subsystem to another within the organism. For example, it was observed the
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NPs penetrated gastric mucosa to enter the gastric tissue or bloodstream, [103], [104] or
were taken up by cells from the bloodstream. Thus, understanding the evolution of preformed NP-protein corona in different biological fluids is essential for describing the
complex behaviors of NPs within biological systems. Lundqvist et al. studied the
dynamics of protein corona as a result of transferring NPs from the plasma into the
cytosolic fluid to mimic the uptake of the particles by the cell from the bloodstream.
Their sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) gel
patterns clearly showed that the protein corona pre-formed with plasma proteins in
equilibration became significantly altered in original composition after their incubation
with the cytosolic fluid, and their proteomics analysis indicated some of proteins present
in the plasma protein corona were replaced by, for example, apolipoprotein A-I.[121]
“Hardening” is another phenomenon that is associated with NP-protein corona.
Casals et al. observed a time evolution toward a denser dielectric coating of AuNPs after
their incubation with the cell culture medium, as indicated by a shift in the NP SPR peak,
as well as time-dependent changes for up to 48 h in protein corona size and zeta-potential
analyzed by dynamic light scattering. Also, the BSA-specific antibody induced a size
increase while the BSA content in the corona remained in its native state rather than
denatured. [122] In a following study, the authors expanded the time for incubation with
serum-containing cell culture medium up to 38 days, and included both metal (Au, Ag)
and oxides (Fe3O4, CoO, and CeO2) particles. The results from their size, zeta-potential,
and SPR shift measurements indicated that a saturation of adsorption was reached after
30 days and desorption of the proteins did not occur after the particle-protein corona was
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resuspended in water. This study suggests that a dynamic or “soft” protein corona
eventually evolves into an irreversibly “hard” corona over time. In vitro experiments by
these researchers further revealed that such a “hard” corona defined the biological
identity of the NP in terms of cell recognition and response: ROS production by acute
monocytic leukemia cell line (THP-1) cells in the presence of CoO-protein corona was
much reduced compared with pure CoO particles, possibly because the particle itself was
shielded from the cell by its surface coating, which was far more biocompatible. [123] In
a previously mentioned study, [113] Ge et al. discovered the cellular response of THP-1
and human umbilical vein endothelial cells (HUVECs) to protein-coated SWCNTs
largely depended upon the competitive binding of blood proteins, and the bound proteins
could greatly alter their interaction pathways and reduce cytotoxicity according to their
respective adsorption capacity. Especially for BFG, which had the largest binding
capacity for SWCNTs due to the abundance of hydrophobic/aromatic residues, the
toxicity was almost completely eliminated for both cell types.
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CHAPTER 2.
DIFFERENTIAL UPTAKE OF CARBON
NANOPARTICLES BY PLANT AND MAMMALIAN CELLS

Understanding the biological and environmental impacts of nanomaterials has
recently become a focused research area worldwide. Emergence of this new field is
driven by the crucial need for developing safe nanotechnologies without compromising
human health and environmental sustainability[124–126]. Fundamental to this inquiry is
the interaction of NPs and living systems[127], whose underlining mechanisms are little
understood. In chapter 2, we show a direct comparison of fullerene uptake by plant and
mammalian cells. We demonstrate that the presence of a plant cell wall and solubility of
the fullerene play central roles on NP uptake and cell damage. Specifically, fullerene C70
suspended in NOM [23], [94] exerted no damage to Allium cepa plant cells, while watersoluble C60(OH)20 increasingly impaired plant cell viability with concentration up to 70
mg/L. These trends were reversed in HT-29 mammalian cells, however, where C70-NOM
induced increased cytotoxicity at higher concentrations while C60(OH)20 showed no effect
on cell morphology.

2.1 Introduction
It has been realized by the scientific community that understanding the fate of
nanomaterials

from

cradle

to

grave

is

essential

to

the

sustainability

of

nanotechnolgy.[126] Consequently, a body of literature over the past decade has been
centered on cytotoxicity, genotoxicity, and ecotoxicity of nanomaterials, pointing to the
general understanding that nanotoxicity is often derived from the physiochemical
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properties of the nanomaterials and their interplay with the host environment.[11], [23],
[56], [64], [67], [69], [70], [81–83], [94], [128–142] However, while biological and
ecological systems constantly interact and are integrated in the network of nature, it
remains a new challenge to evaluate and correlate the biological and environmental
impacts of NPs within the same context.[126], [127] Here we present a first parallel study
of carbon NP uptake by plant and mammalian cells. Specifically, Allium cepa and HT-29
human colonic adenocarcinoma cell lines were used as model plant and mammalian
systems, and were exposed to different doses of fullerene C70 suspended in NOM and
fullerol C60(OH)20, a water-soluble fullerene derivative. The use of NOM, a collection of
heterogeneous organic substances from decomposed living species, is justified because of
its abundance in the natural water sources and soil and its likelihood to interact with
discharged NPs.[23], [94] Using microscopy and a plant viability assay we show that
variations in NP size and hydrophobicity as well as structural differences between plant
and mammalian cells underlie NP-cell interaction and cell damage.

2.2 Materials and Methods
NP suspension preparation and characterization:
C70 (SES Research, purity: 99%), C60(OH)20 (BuckyUSA), and Nordic NOM
(IHSS) were used as purchased. C70-NOM stock suspension of 1,000 mg/L was prepared
using the same protocol described previously.[23] C60(OH)20 was dissolved directly into
Milli-Q to obtains a stock suspension of 1,000 mg/L. The NP suspensions were diluted in
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Milli-Q at concentrations of 10-110 mg/L and their UV-vis absorbance was measured
using a Biomate 3 spectrophotometer. The signature wavelengths of C70-NOM and
C60(OH)20 were located at 400 nm and 252 nm, respectively. The stability of the
suspensions was observed by measuring the absorbance at their signature wavelengths
over 9 h (Figure 2-2 and Figure 2-3). Ultracentrifugation (10,000 RCF, 5 min) was
applied to the more stable C60(OH)20 suspension to characterize its aggregation at high
concentrations (Figure 2-3). The size distributions of C70-NOM and C60(OH)20
suspensions were measured using a NanoSizer S90 (Sections 1C and 1D) and their zeta
potentials were read using a ZetaSizer Nano ZS.

Plant cell preparation, examination and data analysis:
Allium cepa samples were obtained from produce quality onion bulbs. Storage
leaves of area 1 cm2 were removed, and laminar cells were collected from the inner layers
of the plant tissue. Samples were immersed in C60(OH)20 and C70-NOM suspensions to
obtain final concentrations of 10-110 mg/L in MS buffer (pH = 6) [23] (Higher
concentrations introduced significant aggregation, especially for C70-NOM, and therefore
were not included for the current study). After 9 h incubation and gentle shaking the
samples were washed in MS buffer prior to the addition of a plant cell viability assay
(Sigma). A stock solution of the viability assay contained 1% of propidium iodide (PI)
and an equal amount of fluorescein diacetate (FD) in MS buffer. Each sample was
incubated with 14.29% of the stock solution (total volume 400 μL) for 5 min before
imaging with a Zeiss A1 microscope. Each data point was sampled from an area of
approximately 8 mm2, which contained an average of 303 onion cells. Twenty data
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points, corresponding to approximately 6,000 cells, were collected for each concentration
used. Fluorescence images were taken from the FITC (for FD emission) and Rhod (for PI
emission) channels. Damaged cells showed orange fluorescence (peak at 620 nm) in the
nuclear region when viewed under the Rhod channel. Data points were taken only for
areas on the interior of the sample to exclude artificial damage due to handling.
Significant difference from the control was examined using a student t-test. Statistical
significance was accepted when the probability of the result assuming the null hypothesis
(p) is less than 0.01.

Transmission electron microscopy (TEM) imaging of Allium cepa:
For TEM imaging, thin layers of Allium cepa cells were fixed in 3.5%
glutaraldehyde overnight and dehydrated in a graded series of ethanol. The dehydrated
samples were then embedded in LR white resin overnight at 40°C and sectioned into thin
films approximately 200 nm thick using an Ultracut E Microtome. No osmium tetroxide
was added in order to eliminate the introduction of artifacts. TEM images were acquired
using a Hitachi H7600 microscope operated at 80 and 100 kV. The lattice structures of
C70-NOM and C60(OH)20 were captured using a Hitachi H9500 microscope operated at
150 kV. The lattice spacings of the NPs in Allium cepa were analyzed by performing Fast
Fourier Transform (FFT) of the TEM images, using “Diffractogram” software.

HT-29 cell culture and confocal imaging:
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HT-29 human colonic adenocarcinoma cell lines were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) with 1% penicillin streptomycin, 1% sodium
pyruvate, and 10% fetal bovine serum. Approximately 5,000 HT-29 cells were seeded in
each well (200 μL) of an eight-chamber glass plate and allowed to attach overnight at
37°C with 5% CO2. After the cells reached a 60% confluence C70-NOM and C60(OH)20
were added in each chamber glass well to obtain final concentrations of 10, 30, 50, 70, 90
and 110 mg/L. After 9 h incubation, the cells were thoroughly rinsed three times using
PBS buffer to remove dead cells and un-bound NPs. An Argon laser of 488 nm was used
as an excitation source for confocal imaging (LSM510, Zeiss), and 10 images (900×900
μm) were acquired for each sample condition using a 10× objective. The images were
then analyzed and the cells of each sample were counted using LSM Image Browser.

2.3 Results and Discussion
Fullerene C70 was dissolved in aqueous NOM solution to self-assemble into C70NOM. Fullerol C60(OH)20 was directly dissolved in Milli-Q water. The structures of C70NOM and C60(OH)20 are illustrated in Figure 2-1. The solubilities of the NP suspensions
were characterized (Figure 2-2 and Figure 2-3), with C70-NOM showing an ~30%
precipitation and C60(OH)20 showing no precipitation over 9 h incubation, for all
concentrations. The size distributions of the suspensions were determined using dynamic
light scattering, ranging between 18.17-43.82 nm at 10 mg/L and 27.36-100 nm at 110
mg/L for C70-NOM and 1.12-1.74 nm at 10 mg/L and 15.69-24.36 nm at 110 mg/L for
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C60(OH)20, respectively (Figure 2-4 and Figure 2-5). The larger sizes and broader size
distributions of C70-NOM are attributed to the non-covalent binding between the C70
aggregates and the inhomogeneous, amphiphilic, and aromatic-rich NOM. Consequently,
C70-NOM complexes were heterogeneous and more hydrophobic than the covalent
structure of C60(OH)20. The surface charges of both suspensions were comparable, with a
zeta potential of -34.3 mV recorded for C70-NOM and -42.6 mV for the more stable
C60(OH)20 (pH = 6.3).

Figure 2-1 Atomistic illustrations of (left) a C70-NOM supramolecular assembly and
(right) a single C60(OH)20 molecule. In the left panel, the C70 molecules are shown in
blue, while the heterogeneous NOM molecules are shown in green, red and white based
on the Temple-Northeastern-Birmingham (TNB) model.[143] In the right panel, the C60
molecule is shown in blue while the OH groups are illustrated in red and white
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Figure 2-2 Absorbance of C70‐NOM vs. nominal C70 concentration. (Blue curve) Fresh
samples measured immediately after probe sonication. (Green curve) Samples incubated
at room temperature for 9 h, as used in all plant and mammalian cell experiments. The
decrease in absorbance (green vs. blue) indicates C70 precipitation, especially at high
concentrations (30.4% at 110 mg/L). Absorbance was measured at 400 nm (Biomate 3).
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Figure 2-3 Absorbance of C60(OH)20 vs. nominal C60(OH)20 concentration before and
after ultracentrifugation. No significant difference in absorbance was measured for
freshly prepared C60(OH)20 suspension (hollow diamonds) and after 9 h of storage (solid
diamonds) at room temperature, indicating high stability of the C60(OH)20 suspension.
The bending curve (cyan) after ultracentrifugation (squares vs. diamonds) indicates
gradual aggregation of C60(OH)20 with increased concentration. Ultracentrifugation:
10,000 RCF, for 5 min (Eppendorf, Centrifuge 5810 R). Absorbance was measured at
252 nm (Biomate 3).
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Figure 2-4 C70‐NOM size distribution by dynamic light scattering (Nanosizer S90), 10
and 110 mg/L.
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Figure 2-5 C60(OH)20 size distribution by dynamic light scattering (Nanosizer S90), 10
and 110 mg/L.

Laminar Allium cepa cells were prepared and HT-29 cell lines were cultured to
60% confluence (Experimental Section), which were then incubated separately with C70NOM and C60(OH)20 of 10~110 mg/L, for 9 h. Figure 2-6 shows optical images of Allium
cepa cell morphology (bright field) and loss of membrane integrity (PI), emission in
orange) in the presence of C60(OH)20 (Figure 2-6a-f) and C70-NOM (Figure 2-6g-i).

59

Specifically, more orange fluorescent spots can be seen in Figure 2-6e than Figure 2-6b,
indicating increased cell damage with C60(OH)20 concentration of 30 mg/L to 70 mg/L.
The bright green fluorescence regions in Figure 2-6c, f, and i signify hydrolysis of FD by
intracellular esterases, which were indicative of viable cells. The cells shown in Figure
2-6g-i were further treated with mannitol (0.8 M) for 15 min, after their incubation with
C70-NOM of 50 mg/L for 9 h. The mannitol gradient across the cell surfaces induced an
osmotic pressure, which in turn split plant cell walls from their underlining plasma
membranes. C70 aggregates were revealed by the osmosis assay as mostly adsorbed on or
trapped within the hydrophobic cellulose matrices of the plant cell walls (Figure 2-6i). A
comparison between the bright field and fluorescence images shows a good correlation
between damaged membranes (orange spots in Figure 2-6b and e), cells of impaired
viability (dim green regions in Figure 2-6c and f), and cells of altered morphology (rough
cell surfaces in Figures 1a and 1d). The appearances of contagious nonviable cells
(regions denoted by red arrow in Figure 2-6c and orange spots in Figure 2-6e) further
suggest that upon C60(OH)20 uptake cells underwent necrosis, which is typically invoked
by abnormal environmental conditions and viruses.
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Figure 2-6 Optical imaging of Allium cepa plant cell damage in the presence of C70-NOM
and C60(OH)20. (a-c) Plant cells incubated with C60(OH)20 of 30 mg/L for 9 h. (d-f) Plant
cells incubated with C60(OH)20 of 70 mg/L for 9 h. (g-i) Plant cells incubated with C70NOM of 50 mg/L for 9 h. Images were acquired using the bright field, Rhodamine (PI),
and FITC (fluorescein diacetate) modes. (b, e, h) The orange fluorescence indicates
staining of nucleic acids by PI due to loss of cell viability. (c, f, i) The bright green
fluorescence indicates hydrolysis of FD by intracellular esterases of viable cells. (a, c)
Examples of non-viable (red arrows) and viable cells (black arrow). (g-i) Osmosis
procedures were applied to split plasma cell membranes (pink arrow in (i)) from plant
cell walls (white arrow in (i)). Aggregation of C70 particles is exemplified by the blue
arrow in (i). All images are of the same scale (scale bar: 50 m).
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A summary of plant cell damage in the presence of C70-NOM and C60(OH)20,
each of 10-110 mg/L, is shown in Figure 2-7. The damage was calculated by counting
percent of nonviable cells in the PI channel, while the FD channel was used as a
reference due to its susceptibility to crosstalk from the PI channel and cell
autofluorescence. As shown in the top panel of Figure 2-7, C70-NOM caused a mere 0.8%
more plant cell damage than the control at 90 mg/L and 110 mg/L, and no damage at
lower concentrations. This phenomenon is attributed to the large size and hydrophobicity
of the C70-NOM, which tended to block the porous plant cell wall and form clusters
therein through hydrophobic interactions (Figure 2-8b and c, Figure 2-6i). C60(OH)20, in
comparison, triggered a steady rise in cell damage, causing a maximum 4.7% more
damage than the control at 70 mg/L. Due to their small size and good solubility,
C60(OH)20 readily permeated through the plant cell wall driven by a concentration
gradient, and were mostly excluded by the plasma membrane due to their hydrophilicity,
mutual electrostatic repulsion, and hydrogen-bonding with water.[82] Under capillary
and vdW forces these NPs were confined between the cell wall and the plasma membrane
(Figure 2-10a), and accumulate under the concentration gradient to protrude the plasma
membrane (Figure 2-8e). Since fullerols—unlike pristine fullerenes—have been shown as
relatively inactive in creating ROS,[64] the loss of membrane integrity (Figure 2-6b, 1e)
is therefore inferred as a result of mechanical damage exerted by C60(OH)20 aggregation.
Such damage would impinge on membrane fluidity and the transport of nutrients and ions
between the plant cell and its extracellular space, further stressing the physiological state
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of the cell and its neighboring cells. C60(OH)20 clusters occasionally appeared near the
plasma membrane within the cytoplasm (Figure 2-8f and g), likely due to membrane
damage and a low-level steady state endocytosis.[144], [145] Although not intended to be
a focus in this study, accumulation of C60(OH)20 between adjacent epidermal cell walls
(Figure 2-10b) further implies that transport of C60(OH)20 in the plant tissue was partially
conveyed through the apoplastic pathway,[146] whose blockage could also impact on cell
viability. The ease of cell damage at 90 mg/L and 110 mg/L (Figure 2-7, lower panel) is
attributed to the gradual aggregation of C60(OH)20 at these concentrations (Figure 2-3,
“after ultracentrifugation” curve; Figure 2-5), which would have hindered NP uptake.
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Figure 2-7 Percent of Allium cepa plant cell damage in the presence of C70-NOM and
C60(OH)20 of various concentrations. Incubation time: 9 h. The asterisks indicate data
which are statistically different from the control (p<0.01). NOM: positive control.
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Figure 2-8 TEM imaging of carbon NP uptake by Allium cepa plant cells. (a) Control
showing plant cell wall and plasma membrane. The cell wall typically bends towards its
intracellular space. (b-d) Plant cell walls entrapped with C70-NOM clusters of 50-400 nm.
C70-NOM concentration: 50 mg/L. (d) Magnified view of a C70-NOM cluster in (c). (e-g)
Translocation of C60(OH)20 across plant cell walls. C60(OH)20 clusters can be seen (e)
near the interface between the plant cell wall and the plasma membrane and (f, g) in
intracellular space. C60(OH)20 concentration: 50 mg/L. (g) Magnified view of the
C60(OH)20 clusters in (f). The lattice structures of C70-NOM and C60(OH)20 in Allium
cepa cells are confirmed Figure 2-9.
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Figure 2-9 High resolution TEM images showing (a) a C70‐ NOM lattice spacing of 2.49
Å, (b) a C60(OH)20 lattice spacing of 2.70 Å, (c) a C70‐ NOM lattice spacing of 2.41 Å,
and (d) a C60(OH)20 lattice spacing of 2.78 Å. Images (a) and (b) were obtained from
dried NP suspensions, while (c) and (d) were obtained for the NPs in Allium cepa.
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Figure 2-10 (a) Presence of C60(OH)20 clusters at the interface between plant cell wall and
plasma membrane. (b) Presence of C60(OH)20 clusters in the apoplastic pathway between
two plant cell walls.

In contrast to the observations made above for plant cells, mammalian cells
showed distinctly different responses to the two types of carbon NPs. After 9 h
incubation and thorough washing to remove dead cells and unbound NPs, the
number/density of viable HT-29 cells decreased continuously with increased C70-NOM
concentration up to 70 mg/L, and then leveled off at higher concentrations due to NP
aggregation (Figure 2-11 lower panel). The cell morphology also changed from the
healthy elongated form to the less viable more spherical shapes at higher C70-NOM
concentrations, showing abundant NP aggregates bound to/imbedded in the cell
membranes (Figure 2-11 top panels). Cell lysis was visible, likely due to exhaustive
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endocytosis Figure 2-11d) and occurrence of necrosis in the damaged cells. By
comparison, no cell damage was found for HT-29 cells exposed to C60(OH)20 of all
concentrations used (Figure 2-12), thus confirming the low affinity of C60(OH)20 for
mammalian cell membranes. These contrasting damages induced by the noncovalent
assembly of C70-NOM and covalent C60(OH)20 to HT-29 cells are in good agreement with
the in vitro study by Sayes et al.[64] and the simulations by Qiao et al.[82], on the
cytotoxicities of pristine fullerene C60 and fullerol C60(OH)24/ C60(OH)20. This suggests
that C70-NOM impacts on mammalian cells similarly to C60, possibly due to the
hydrophobicity and dissociation of C70-NOM to facilitate C70 interacting with the fatty
acyl chains in the lipid bilayer. Such hydrophobic interaction, when coupled with the
ROS production by C70, could result in cytotoxicity and cell lysis, especially at high NP
concentrations.[130] Unlike C70-NOM, C60(OH)20 is more hydrophilic and, therefore, is
largely excluded by mammalian cells due to the same reasons discussed above for plant
cell membranes.
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Figure 2-11 Mammalian cell damage in the presence of C70-NOM of various
concentrations. Incubation time: 9 h. (a) HT-29 cell control. (b) HT-29 cells in the
presence of C70-NOM of 30 mg/L. (c) HT-29 cells in the presence of C70-NOM of 110
mg/L. (d) Cell lysis (indicated by red arrow) in the presence of C 70-NOM at 110 mg/L.
The aggregation of C70 particles is evident in (b-d). (e) HT-29 cell count in the presence
of C70-NOM of various concentrations. The asterisks indicate data which are statistically
different from the control (p<0.01). NOM: positive control.

69

Figure 2-12 Mammalian cell damage in the presence of C60(OH)20 of various
concentrations. Incubation time: 9 h. (a) HT-29 cell control. (b) HT-29 cells in the
presence of C60(OH)20 of 30 mg/L. (c) HT-29 cells in the presence of C60(OH)20 of 110
mg/L. (d) HT-29 cell count in the presence of C60(OH)20 of various concentrations.

2.4 Conclusion
The differential plant and mammalian cell responses to NPs (Figure 2-7 top panel
vs. Figure 2-11e; Figure 2-7 lower panel vs. Figure 2-12d) can be understood as a
combined result of NP filtration by the porous plant cell wall, confinement on NP
mobility by the hydrophobic, thick (a few to tens of micrometers), and rigid plant cell
wall and the amphiphilic, thin (~7 nm), and fluidic plasma membrane,[146] as well as
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the physiochemical properties of the NPs. The filtration by the plant cell wall favors
uptake of smaller and more hydrophilic NPs. Post-translocation these small and
hydrophilic NPs are confined at the interface between the plant cell wall and the plasma
membrane, and self-assemble to initiate a mechanical damage to the plasma membrane.
Larger and more hydrophobic NPs of low concentrations exert little damage on the plant
cell. However, at high concentrations adsorption of hydrophobic NPs onto the plant cell
wall and their retention within the plant cell wall would still impact on the physiological
state of the plant cell, as implied by the emergence of cell damage with C70-NOM of 90
mg/L and 110 mg/L (Figure 2-7 top panel). Absence of a cell wall in mammalian cells is
favorable for minimizing the adverse effect of hydrophilic NPs, but encourages
membrane partitioning[147] by hydrophobic and/or noncovalentlyfunctionalized NPs to
induce cell damage. Such differentiality on NP uptake may help shed light on the
intensive debate on nanotoxicity, and shall prove beneficial for guiding the design of
nanomedicine and environmentally sustainable nanotechnologies.
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CHAPTER 3.

CALCIUM-ENHANCED EXOCYTOSIS OF GOLD
NANOPARTICLES

Chapter 3 examines the exocytosis of NPs, an important but rarely documented
aspect of cell responses to engineered nanomaterials. Specifically, HT-29 mammalian
cells were labeled with a lipophilic Laurdan dye, and the membrane fluidity in the
presence of gold NPs was evaluated by the generalized polarization (GP) values derived
from the fluorescence spectra of the dye. Exocytosis of the gold NPs, in the presence of
extracellular calcium ions, was inferred from the GP values, which decreased over time
and correlated with the increased extracellular calcium concentration. This study provides
new information for understanding the fate of nanomaterials in cellular systems.

3.1 Introduction
Engineered nanomaterials are produced in increasingly significant quantities,
driven by growing research, industry, and domestic needs. Post-application these
engineered nanomaterials will likely be discharged to landfills, and subsequently released
into the air, water, and soil in the natural environment.[124–127] Depending upon their
physicochemistry and localization, such discharged nanomaterials may gain mobility
through their noncovalent supramolecular assembly or covalent functionalization with
natural organic matter and various pollutants, biomolecules, and organisms, and
consequently become integrated into the ecosphere, including the food chain.[23], [148]
In addition to the environmental concerns, the biological impact of the nanomaterials that
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are exploited for drug delivery, cosmetics, and foodstuffs is yet to be fully
understood.[149], [150] In view of the rapid development of nanotechnology and its vast
biological and environmental applications and implications, it is imperative to obtain a
database on describing the behaviors of nanomaterials in living systems, especially on the
cellular level.
The discharge of foreign materials in a cell is usually conducted through
exocytosis. During the process of exocytosis, vesicles which contain the materials to be
exocytosed first dock onto the inner surface of the cell membrane, then merge with the
membrane, and finally release the material content to the extracellular space. The
mechanism of exocytosis has recently been elucidated for neuronal and secretory cells,
where the exocytosed materials such as neurotransmitters and hormones were natural
components of the host cells.[151–154] In contrast, there is little knowledge as to how
exocytosis is executed for endocytosed or administered engineered NPs.[155]
The most important venue in which exocytosis occurs is the cell membrane.
Driven by thermodynamics and metabolism, amphiphilic lipid molecules undergo rapid
lateral and rotational diffusion within the two dimensional continuum of the lipid bilayer.
A cell membrane usually assumes a solid gel phase state at lower temperatures, but
adopts a fluid phase state at higher temperatures.[154], [156], [157] The packing of lipids
within a bilayer also affects the mechanical properties of the cell, including the cell
resistance to external stimuli such as stretching and bending.[157] During endocytosis, a
receptor initiated or facilitated process of engulfing foreign materials by the cell, the
consumption of lipids in forming vesicles for containing the foreign materials increases
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the area per lipid molecule, thereby causing the cell membrane to shift toward the fluid
phase.[144] The process of exocytosis, in contrast, recycles vesicles from the intracellular
space back to the cell membrane, decreasing the area per lipid molecule and causing a
shift of the cell membrane toward the gel phase.[158]

3.2 Results and Discussion
In view of the essential role of excytosis in governing cell responses to
nanomaterials this section examines the relationship between the rate of exocytosis of
AuNPs and the concentration of the physiologically essential calcium ions[159], [160] in
the extracellular space. The use of the more biocompatible AuNPs[6], [132], [161] was to
minimize the potential complications to the current study introduced by nanotoxicity. To
indicate the phase transition of the cell membrane, a Laurdan dye (6-Dodecanoyl-2dimethylaminonaphthalene, AnaSpec) was used to partition into the membrane and report
on the local environment of the dye through fluorescence emission. The lipophilic
Laurdan dye possesses a dipole moment induced by a partial charge separation between
the 2-dimethylamino and the 6-carbonyl residues. When surrounded by polar solvent
molecules such as water, the dipole moment of the dye assumes a lower excited energy
level by reorienting the solvent molecules, giving off a red-shifted emission spectrum
upon light excitation. Upon the occurrence of endocytosis, the dye molecule partitioned
into a lipid bilayer experiences a more polar environment with the incorporation of water
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(Figure 3-1(a)). Conversely, a partitioned dye molecule experiences a less polar
environment as a result of exocytosis.[144], [156–158], [162]
The physical properties closely related to the membrane phase can be
quantitatively described by GP of the membrane, defined as:[156]

GP 

IB  IR
,
IB  IR

where IR denotes the fluorescence intensity in the red region, and IB the fluorescence
intensity in the blue region. When the membrane shifts from the gel to the fluid phase,
the fluorescence intensity of the Laurdan dye in the blue region decreases while that
in the red region increases (Figure 3-1(b)) to induce a decreased GP value.
HT-29 human colonic adenocarcinoma cell lines were used as a model system in
our study. The cells were cultured in McCoy’s 5A medium (ATCC) in a flask for 1 to 2
days depending upon their condition of growth. The healthy cells were then transferred to
a 96-well plate and kept in an incubator (at 37°C, in 5% CO2 flow) for one day to initiate
their attachment to the bottom of the plate wells. To detect phase transition, the cells were
pre-labeled with the Laurdan dye for 1 h in the incubator. After incubation, the dye
solution was removed and the cells were rinsed with PBS buffer. The wells were then
refilled with fresh culture medium, and confocal fluorescence imaging (Nikon Ti Eclipse)
was performed to confirm cell viability and partitioning of the dye in the cell membranes
(cell cross-sections shown as blue rings under light excitation at 340 nm, Figure 3-1(c)).
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Figure 3-1 (a) Experimental scheme showing labeling of a lipid bilayer using the
lipophilic Laurdan dye. When excited with light at 340 nm, a red shift of the dye
emission (illustrated by a change of dye emission color from dark to light blue) is
induced when the bilayer undergoes a transition from the gel to the fluid phase. (b)
Example of the red shift of the Laurdan dye emission, from a peak wavelength of 441 nm
to 452 nm for a time lapse of 240 min. Excitation: 340 nm. (c) Confocal fluorescence
image of HT-29 cells labelled with Laurdan, showing the cross-sections of the cell
membranes as blue rings. Excitation: 340 nm.

To examine the effect of Ca2+ concentration on cell exocytosis of engineered NPs,
positively charged AuNPs (Vive Nano), coated with poly(quaternary ammonium) for
solubility and steric separation, were added to the culture medium at different dosages
(from 0.0005 to 0.5 mg/mL). The hydrodynamic size of the AuNPs was determined to be
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10 nm in diameter (S90, Malvern). The zeta potential of the AuNPs was characterized to
be +65 mV (ZetaSizer Nano, Malvern), indicating an excellent stability of the NP
suspension.
The cultured HT-29 cells were then incubated with the AuNPs for 2 h to allow the
cells to undergo endocytosis of the NPs. These positively charged AuNPs were expected
to be readily integrated by the cells due to the negative electric potential of approximately
-80 mV to -40 mV across the plasma cell membrane. The plate wells to which the cells
were attached were rinsed and then refilled with culture medium after the original
medium with free and adsorbed AuNPs was removed, thus promoting exocytosis of the
NPs to be initiated and immediately measured.
For mammalian cells, the physiological extracellular Ca2+ concentration is
approximately 2 mM.[163] In our study, Ca2+ concentration in the culture medium was
adjusted to 0-10 mM by adding Na2CO3 or CaCl2 solutions to ensure the biological
relevance of the experimental design. A spectrofluorometer (Cary Eclipse, Varian) was
used to excite the Laurdan dye at 340 nm and the fluorescence emission intensities of the
dye were collected at 416 nm and 473 nm. The fluorescence intensities at these two
specific wavelengths were then used to calculate the GP values. The spectrofluorometer
chamber was operated at room temperature without the flow of CO2. For each sample
condition (AuNPs and Ca2+ concentrations), 4 replicates were measured to obtain the
error bars for statistical analysis. Significant differences from the control samples
(AuNPs of 0 mg/mL in Fig. 2(a), or Ca2+ concentration of 0 mM in Figure 3-3) were
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examined using a student t-test. Statistical significance was acceptable when the
probability of the result of the t-test assuming null hypothesis (p) is less than 0.01.
Figure 3-2(a) shows the GP values measured immediately after incubation of the
HT-29 cells with the AuNPs, when exocytosis of the NPs was expected to be initiated.
The GP value decreased from 0.0488 to -0.145 when the concentration of the AuNPs was
increased from 0 to 0.5 mg/mL. Compared with the control (not treated with AuNPs), the
decrease in the GP value versus the increase in the AuNP concentration was statistically
significant (p-values < 0.01 for all samples treated with the AuNPs). This result suggests
that higher AuNP concentrations resulted in a more fluid-phased plasma membrane;
further implying that a larger amount of the AuNPs was taken up by the cells with their
increased concentrations.[37], [155] This result further verifies the hypothesis that AuNP
suspensions of up to 0.5 mg/mL did not cause significant aggregation.
The GP values are shown to decrease overtime in Figure 3-2(b) for the control
sample (not treated with the AuNPs, only labeled with the Laurdan dye), suggesting that
the plasma cell membranes themselves can undergo a transition from the gel phase to the
more fluidic phase, possibly due to the gradual loss of cell viability under non-ideal
conditions in the spectrofluorometer chamber (22°C instead of 37°C, and lack of CO2
flow). Compared with the control, the samples treated with AuNPs of 0.0005 mg/mL and
Ca2+ of 10 mM in the culture medium showed a far less pronounced decrease in the GP
value over the same time period of 240 min (a drop of 229% for the control samples
versus a drop of 97% for the AuNP-treated samples). These different changing rates of
the GP values can be attributed to the onset of exocytosis of the endocytosed AuNPs,
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which led to a recovery of the lipid content to sustain the gel-phased cell membranes. The
low AuNP concentration (0.0005 mg/mL) was chosen to both ensure integrity of the cell
membranes post endocytosis, and reveal the process of exocytosis of the AuNPs.

Figure 3-2 (a) GP values for cells incubated with different concentrations of AuNPs,
measured immediately after the free NPs were removed. The asterisks indicate
statistically different GP values from that for the control samples (0 mg/mL AuNP
concentration) (p < 0.01). (b) Change in GP value over time for control cells (blue curve)
and cells pre-incubated with AuNPs of 0.0005 mg/mL and treated with Ca2+ of 10 mM
(red curve).
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To confirm that the slower GP changing rate in Figure 3-2(b) was induced by
exocytosis, extracellular liquids were collected for the cells exposed to Ca2+ of 0 to 10
mM for 4 hours, after being pre-incubated with AuNPs of 0.5 mg/mL and 0.05 mg/mL
for 2 hours respectively and wash thoroughly. Absorbance of the extracellular liquids was
measured at the peak wavelength of 490 nm for the AuNPs using an absorbance plate
reader (Biotek). As shown in Figure 3-3(a), the absorbance of the extracellular liquids
increases steadily with the increased Ca 2+ concentration indicating both the
occurrence of cell exclusion of the AuNPs and the dependence of such exclusion on
the Ca2+ concentration.
The chestnut bars in Figure 3-3(b) represent the GP values for the cell samples 4 h
after incubating with Ca2+ of 0 to 10 mM (untreated). The GP values for all Ca2+
concentrations display no statistically significant differences, indicating that, of the
working concentration range, Ca2+ alone did not alter the membrane phase. To further
illustrate the effect of Ca2+ concentration on exocytosis rate, the above procedure was
repeated for cells treated with AuNPs of 0.005 mg/mL. The blue bars inFigure 3-3(b)
represent the GP values for the cell samples with added Ca2+ of 0 to 10 mM, 4 h after
exocytosis began to dominate. The GP values are shown to positively correlate with the
Ca2+ concentrations in the culture medium in the presence of pre-endocytosed AuNPs
(the GP value increased from -0.126± 0.020 to 0.019±0.010 when the Ca2+ concentration
was raised from 0 to 10 mM). This correlation is understandable since the process of
exocytosis served to recover phospholipids in the cell membranes and therefore induced
the transition of the membranes towards the gel phase. This result offered evidence that
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exocytosis of AuNPs could be enhanced by increasing the Ca2+concentration in the
extracellular space, in accordance with other reports on the exocytosis of mammalian
cells without the introduction of NPs.[151–154]

Figure 3-3 (a) Absorbance of the AuNPs collected from the extracellular space vs. Ca2+
concentration. The original AuNP concentrations: 0.5 mg/mL (cyan bars) and 0.05
mg/mL (pink bars). Incubation time of the AuNPs with the cells: 2 h. Exposure time of
cells to Ca2+: 4 h. (b) GP values of cells treated (blue bars) & untreated with AuNPs
(chestnut bars) in culture medium with different Ca2+ concentrations. Incubation time of
the AuNPs with the cells: 4 h. AuNP concentration: 0.005 mg/mL. The asterisks indicate
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statistically different absorbance/GP values from that for the control samples (0 mM Ca2+
concentration) (p < 0.01).

3.3 Conclusion
This study offers an initial examination on the exocytosis of engineered NPs by
human colonic adenocarcinoma cells. Increased AuNP concentrations have been shown
to enhance endocytosis, possibly to compensate for the increased uptake of the NPs and
to maintain HT-29 cell viability. The rate of exocytosis of AuNPs by the cells correlates
with the increased Ca2+ concentration in the extracellular space. Since the influx of Ca2+
is governed by the ion channels in the cell membrane, the observed differences in the rate
of membrane phase transition were mainly a result of lipid recovery through exocytosis
of the AuNPs and, to a lesser extent, a result of the transition to the fluid phase due to
non-ideal environmental conditions in the spectrofluorometer chamber. Although only
AuNPs were used in this current study, these reported observations may have broader
applicability to the cases of exocytosis of other engineered NP species. To fully
understand such biological processes, other factors that normally affect exocytosis of
natural components in the host cells, such as ionic strength, membrane potential, and
gating of ion channels, may be examined in connection with the physiochemical
properties of the NPs (surface charge, shape, and functionalization) and the biophysical
interactions (electrostatic, vdW, H-bonding, and hydrophobic forces) between the NPs
and the lipids and proteins in the cell membranes.
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CHAPTER 4.

COMPARISON OF NANOTUBE-PROTEIN CORONA
COMPOSITION IN CELL CULTURE MEDIA

As introduced in Chapter 1, protein corona is a mono- or multi-layer of protein
surface coating on nanomaterials in biological environments. The addition of the protein
corona may alter both the pharmacokinetics and pharmacodynamics of the nanomaterial
thereby influencing toxicity. Utilizing a label-free mass spectrometry-based proteomics
approach, we have examined the composition of proteins forming the protein corona for a
set of nanomaterials including unmodified and carboxylated SWCNT and MWCNT,
polyvinylpyrrolidone (PVP)-coated MWCNT (MWCNT-PVP), and nanoclay. To
simulate cell culture conditions, nanomaterials were incubated for 1 h in DMEM
supplemented with 10% fetal bovine serum, washed, resuspended in PBS, and assessed
by liquid chromatography (LC)-mass spectrometry (MS)/MS for their associated protein
content. To determine those attributes of nanomaterials that influence corona formation,
the NPs were extensively characterized. All nanotubes (NTs) were found to have
negative zeta potentials in water (SWCNT-COOH < MWCNT-COOH < Unmodified
NTs) while carboxylation increased the hydrodynamic size of NTs. All NTs were also
found to associate with a common subset of proteins that included albumin, titin, and
apolipoproteins. Specifically, SWCNT-COOH and MWCNT-COOH were found to
associate with the greatest number of proteins (181 and 133 respectively) compared to the
unmodified NTs (<100), possibly due to the abundance of protein amines via the
formation of covalent bonding. Modified NTs, however, bound a number of unique
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proteins that were not found to associate with unmodified NTs, implying hydrogen
bonding and electrostatic interactions were involved in the corona formation. PVPcoating of MWCNT did not significantly influence the protein types found in the coronas,
further reinforcing the possibility of hydrogen bonding and electrostatic interactions. In
conclusion,

we

observed

differential

protein

corona

composition

based

on

functionalization and purity of NTs, which may influence the unique biological effects of
these nanomaterials.

4.1 Introduction
The field of nanotechnology is rapidly expanding and evolving with the
development of numerous engineered nanomaterials. These synthesized nanomaterials
can be utilized in various fields including multiple applications in biomedical and
consumer products. Nanomaterials often possess a high degree of functionality to render
a variety of physicochemical characteristics including diverse chemical composition,
available surface groups, shape, electrothermal conductance capabilities, and solubility.
Based upon these properties, nanomaterials may be distributed to any organ system and
interact on a subcellular level making them useful for both the diagnosis and treatment of
diseases.
Upon introduction into a physiological environment nanomaterials are rapidly
coated with a layer of proteins, known as the protein corona [115], [164], [165]. The
protein corona alters the size and interfacial composition of the nanomaterials, imparting
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a biological identity distinct from their original synthetic identity that may modify their
activity, bio-distribution, clearance, and toxicity. The distinct composition of the protein
corona, and therefore the nanomaterial’s biological activity, is influenced by the
biological environment and the characteristics of each nanomaterial. Ultimately, the
protein corona for each nanomaterial appears to be unique and is determined by each
nanomaterial’s individual composition, surface charge, shape and other distinguishing
characteristics [5], [166]. The corona and its “epitope map” [115] can be viewed as the
bioactive entity to which the cells respond. It has been hypothesized that modulation of
the proteins which form the protein corona could be useful in targeting nanomaterials to
desired tissues, cells and/or subcellular targets [167].
Research has demonstrated that the capacity of nanomaterials to bind a variety of
plasma proteins including those implicated in coagulation, lipid transport, ion transport,
complement activation, and pathogen recognition [166], [168]. Furthermore in vitro
studies have demonstrated that the protein corona may influence nanomaterial uptake by
cells and alter cytotoxicity [169–173]. Adsorption of a variety of proteins including IgG
and fibrinogen has been shown to increase macrophage phagocytosis of nanomaterials in
vitro [174], [175]. The ability of the protein corona to enhance macrophage phagocytosis
and clearance may have significant implications such as modifying subsequent immune
responses and increasing systemic inflammation and oxidative stress. Polysorbate-coated
NPs have been shown to preferentially associate with apolipoprotein E, thereby
increasing distribution across the blood brain barrier possibly through mimicking lowdensity lipoprotein and enhancing endothelial cell uptake [12], [176]. Conversely,
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macrophage internalization of both

positively and negatively-charged silicon

microparticles is enhanced in serum-free media compared to media with serum,
suggesting that addition of the protein corona in some cases may inhibit interactions with
cell surface receptors mediating uptake [177]. Manipulation of cellular uptake via
modulation of the protein corona could therefore be therapeutically beneficial for cell
targeting of nanomaterials; however, it may also have unexpected toxicological
consequences through effects on biodistribution, accumulation, and clearance. Evidently,
the formation and biological effects of nanomaterials and their protein coronas are
extremely complex and require further evaluation and study.
Because of cost, ethical, and efficiency considerations, in vitro toxicity assays are
widely used for screening and assessing the toxicity of NPs. In vitro screening of NP
safety has been ineffectual due to assay interference and contrasting findings likely
resulting from differences in particle suspension, cell culture media and delivery, thereby
limiting their predictive value. However, their predictive capabilities can be improved by
characterizing NP interactions with fetal bovine serum proteins often used in cell culture
media, and how protein coronas affect NP-cell interaction and biological effects [173].
Previous in vitro exposure studies of both functionalized and non-functionalized carbon
NTs in barrier epithelial cells [178], [179] demonstrated significant NT-specific effects
on relevant molecular and cellular functions and canonical pathways, with little overlap
across NT type, dose, or functionalization, even in the absence of overt toxicity. These
studies suggest other physicochemical characteristics, such as the protein corona, may be
accountable for the inconsistencies. Accordingly, in the present study, we investigated
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characteristics of NTs, along with that of halloysite nanoclay, which contributed to the
formation of the protein corona in fetal bovine serum often used during the in vitro
evaluation of nanomaterial toxicity. We employed a comprehensive proteomics analysis
to determine the identities and individual abundance of proteins that associate with NTs
after incubation in bovine serum-supplemented culture media. This information is
necessary in understanding properties of nanomaterials that govern their interactions with
proteins in biological environments and ultimately lead to the unique biological
responses.

4.2 Materials and Methods
Reagents and materials:
DL-Dithiothreitol (DTT), urea, triethylphosphine, iodoethanol, and ammonium
bicarbonate were purchased from Sigma-Aldrich (St. Louis, MO, USA). LC-MS grade
0.1% formic acid in acetonitrile and 0.1% formic acid in water were purchased from
Burdick & Jackson (Muskegon, MI, USA). Modified sequencing grade porcine trypsin
was obtained from Princeton Separations (Freehold, NJ, USA). DMEM with glutamax
and 10% heat inactivated fetal bovine serum were purchased from Invitrogen (Carlsbad
CA).
SWCNT were purchased from Unidym (Sunnyvale, CA) and MWCNT were
purchased from Cheap Tubes Inc. (Brattleboro, VT). SWCNT-COOH and MWCNTCOOH were generated in a Microwave Accelerated Reaction System (Mode: CEM Mars)
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fitted with internal temperature and pressure controls as previously described [180],
[181]. Pre-weighed amounts of purified MWCNT were treated with a mixture of
concentrated H2SO4 and HNO3 solution by subjecting them to microwave radiation at
140°C for 20 min. The product was filtered through a 10 μm membrane filter, washed
with water to a neutral pH, and dried under vacuum at 80°C to a constant weight.
SWCNT-COOH was also functionalized in the Microwave Accelerated Reaction System
[182]. Pre-weighed amounts of purified SWCNT were treated with a 1:1 mixture of
concentrated H2SO4 and HNO3 solution by subjecting them to microwave radiation at
120°C for 3 min. The mixture was then diluted with distilled water and filtered through
10 μm membrane filter paper. The filtrate was transferred to a dialysis bag and placed in
a container filled with DI water, which was continually replaced until it achieved neutral
pH. The filtrate was then dried overnight at 50°C under vacuum. This led to the
formation of carboxylic acid groups on the surface of the NTs resulting in high aqueous
dispersibility. MWCNT-PVPs were prepared according to a procedure previously
reported by Ntim et al. [183]. Purified MWCNTs were dispersed in deionized water at a
concentration of 50 mg/L with the aid of 1% SDS. One percent by weight of PVP was
added to the mixture, which was then incubated at 50°C for 12 hr. The carbon NTs were
then filtered through a 10 μm membrane filter, washed with deionized water followed by
three cycles of ultrasonic redispersion in deionized water to remove any residual SDS.
The sample was filtered and dried under vacuum at room temperature to a constant
weight.
TEM and energy dispersive spectroscopy (EDS):
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All individual halloysite (nanoclay), SWCNT, and MWCNT samples were mixed
with ethanol and sonicated in a water bath (Branson) for 10-15 min until well dispersed.
For each sample a droplet of the suspension was placed on a copper grid and dried at
room temperature. TEM imaging and EDS element analysis were performed using a
Hitachi HD 2000 STEM equipped with an Oxford INCA Energy 200 EDS.
Hydrodynamic size and zeta potential characterization:
Approximately 0.1 mg of each sample was mixed with 1 mL 10% fetal bovine
serum (FBS)-supplemented DMEM, and then dispersed via water bath sonication for 2
min. Samples were then incubated on a rotator for 1 h. The hydrodynamic sizes of the
suspended samples were measured using a dynamic light scattering device (Malvern
Instruments, Nanosizer S90). The zeta potentials of the suspended samples in water were
measured using electrophroretic light scattering (Malvern Instruments, ZetaSizer Nano).
Protein corona generation and proteomic characterization:
Based on a modification of Tenzer’s method [184], 1 mg of each NT type was
suspended in 10 mL of DMEM culture media supplemented with 10% FBS, briefly
sonicated in a bath sonicator, diluted 1:10 in FBS/media, and incubated for 1 h at 37°C
(to simulate in vitro exposure protocols). Stable protein coronas are at equilibrium within
5 min [185]. The samples were centrifuged (15 min at 3,000 x g/22°C) and the pellets
containing the NT-protein complexes were washed and pelleted three times with PBS.
After the third and final wash, the supernatant was free of protein. Protein coronas were
solubilized in situ using a lysis buffer specific for label-free quantitative mass
spectrometry (LFQMS) (8 M urea, 10 mM DTT freshly prepared). For comparative
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reference purposes, 100 μg of FBS supplemented culture media proteins were also
solubilized for LC-MS/MS analysis. Briefly, protein samples were reduced and alkylated
by triethylphosphine and iodoethanol [186] and proteolyzed using porcine trypsin.
Exactly 20 µg of each tryptic digest sample was injected randomly as two technical
replicates onto a C18 reversed phase column for a 3 h high performance liquid
chromatography (HPLC) gradient separation, electrospray ionization, and analysis using
an LTQ-PROTEOMEX ion trap mass spectrometer. A blank was injected between each
sample to clean and balance the column and eliminate carryover. The acquired data were
searched against the most up-to-date UniProtKB Bos taurus (Bovine) database using
SEQUEST (v. 28 rev. 12) algorithms in Bioworks (v. 3.3). Peptide and protein
identifications were validated by PeptideProphet [187] and ProteinProphet [188] in the
Trans-Proteomic Pipeline (TPP, v. 3.3.0). Only proteins and peptides with (a) protein
probability ≥ 0.9, (b) peptide probability ≥ 0.8, and (c) peptide weight ≥ 0.5 were used in
the quantification algorithm. Identified bovine proteins whose names appeared as
“uncharacterized” were annotated using homologous human proteins identified by
UniProt Blast based on similarity in amino acid sequence.
Protein abundance was determined using IdentiQuantXL™ [189]. After
chromatogram alignment and peptide retention time determination, a weighted mean m/z
of each peptide is calculated and a tab delimited file was created to extract peptide
intensity using MASIC [190]. Peptides were then filtered according to intensity CV
across all samples and intensity correlation for those identifying a particular protein.
Protein abundance (intensity) was calculated from all qualified peptides corresponding to
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a particular protein. Protein abundance/quantity calculated in this way has no units, and
therefore are represented by unitless numerical values in Table 4-2 & Table 4-4.
Comparison of the mean abundance of individual protein in each corona, generated by
LFQMS, was performed within the IdentiQuantXL™ platform using one-way ANOVA
and Pairwise Multiple Comparisons (Holm-Sidak method). False discovery rate (FDR)
[191] was estimated using Q-value software.

4.3 Results and Discussion
Nanotube Characteristics:
Electron microscopy images (Figure 4-1) confirmed the dimensions of the carbon
NTs (first row in Table 4-1): the SWCNT were 0.1-1 μm, the MWCNT were 10-30 μm,
and the nanoclay were 0.5-2 μm in length. Results from the elemental analysis of energy
dispersive spectra (Table 4-1) showed the elemental composition of the NTs and
demonstrated changes in surface chemistry. The existence of nitrogen confirmed the
polyvinylpyrrolidone (PVP) coating of MWCNT-PVP samples, whereas the relatively
high content of oxygen indicates the existence of COOH-surface functionalization on
MWCNT-COOH and SWCNT-COOH samples. The nanoclay, as expected, showed an
abundance of oxygen, aluminum and silicon.
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Figure 4-1 TEM images of nanoclay, unmodified SWCNT (SWCNT-Raw), carboxylated
SWCNT (SWCNT-COOH), unmodified MWCNT (MWCNT-Raw), pure MWCNT
(MWCNT-Pure, carboxylated MWCNT (MWCNT-COOH), and PVP-coated MWCNT
(MWCNT-PVP) samples confirming the dimensions of all carbon NTs used in this study.

Table 4-1 Length and Percent Elemental Composition of NPs. (All shaded cells denote
elements that were not in sufficient quantity to be detected by energy dispersive
spectroscopy.)
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The hydrodynamic sizes of the samples suspended in FBS-supplemented DMEM
culture medium, in comparison to those suspended in water, revealed consistently
increased size for all COOH-surface functionalized NTs, by approximately 60 to 120%,
likely due to the adsorption of proteins, amino acids and lipids from the medium (Figure
4-2). In contrast, the hydrodynamic size of non-functionalized SWCNT-Raw was
decreased by approximately 25%, likely due to the debundling and dispersion of the
SWCN-Raw NTs as a result of protein corona formation. For MWCNT-PVP, however,
their sizes were comparable to those suspended in water (Figure 4-2), suggesting
exchange of PVP by the proteins in the media for coating the MWCNT “core”. For
MWCNT-Raw and MWCNT-Pure samples, large aggregates were formed that
precipitated out of the aqueous phase, suggesting the hydrophobicity of these two types
of NTs was too high to be overcome by protein corona formation. All samples
demonstrated negative zeta potentials in water (Figure 4-2). Zeta potential analysis of
materials in DMEM was non-determinant due to the screening of the NTs by the ions and
biomolecules in the medium. COOH-surface functionalization of both MWCNT and
SWCNT and PVP-coating of MWCNT samples resulted in further decreased zeta
potentials compared to raw NT samples, suggesting increased dispersion in water due to
surface modulation.
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Figure 4-2 Characterization of nanoclay, SWCNT-Raw, SWCNT-COOH, MWCNTRaw, MWCNT-Pure, MWCNT-COOH, and MWCNT-PVP samples. 2A) The
hydrodynamic size for each NT was assessed in both water and DMEM cell culture
media via dynamic light scattering. 2B) The zeta potentials for each NT were determined
in water via electrophroretic light scattering.

Proteomic Results:
The protein corona that forms on NPs when they are exposed to proteincontaining biological fluids changes their characteristics and may be responsible for NP
bioactivity in cells. Since structurally similar NPs can have divergent biological effects in
cell culture systems, we investigated the composition of the coronas formed on different
of high aspect ratio NPs.
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Proteomic analysis identified and quantified 366 different protein components of
the various NT coronas. The numbers of constituent proteins detected in each NT corona
are presented graphically in Figure 4-3A. The protein corona which formed on the
nanoclay tubes consisted of the fewest number, 82 different proteins, whereas the
SWCNT-COOH corona contained the most, at 181.

Figure 4-3 Total number and number of unique proteins found to associate with carbonbased NTs after incubation in DMEM cell culture media containing 10% fetal bovine
serum. Samples were analyzed via HPLC-MS and proteins and peptides were identified
using the UniProtKB Bos Taurus (Bovine) database and validated by PeptideProphet.
Only proteins with a probability ≥ 0.9, or peptides with a probability ≥ 0.8, and a peptide
weight ≥ 0.5 were used in the quantitation algorithm. 3A) Total number of constituent
proteins detected in each NT protein corona. 3B) Total number of unique proteins
detected in each NT protein corona.
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All NT coronas were found to consist of 14 common proteins, including alpha-1antiproteinase,

alpha-2-HS-glycoprotein,

alpha-S1-casein,

apolipoprotein

A-I,

apolipoprotein A-II, keratin, type I cytoskeletal 10, keratin, type I cytoskeletal 15,
keratin, type II cytoskeletal 1, keratin, type II cytoskeletal 5, keratin, type II cytoskeletal
6A, keratin, type II cytoskeletal 6C, keratin, type II cytoskeletal 75, serum albumin, and
titin listed in Table 2 in the order of decreasing abundance. The five most abundant
coronal proteins (titin, serum albumin, apolipoprotein A-I, apolipoprotein A-II, and
alpha-S1-casein) exhibited significant differences across the various NTs, while the
relative contributions of alpha-1-antiproteinase (aka alpha-1-antitrypsin in humans),
alpha-2-HS-glycoprotein, and the 7 keratins to the NT coronas were not significantly
different. With the exception of titin, alpha-S1-casein and the keratins, the highly
abundant serum proteins are commonly found in NP coronas formed in human
plasma/serum. Titin is the 14th most abundant protein in the FBS-DMEM media whereas
albumin is 1st, alpha-2-HS-glycoprotein 2nd, and alpha-1-antiproteinase 3rd and Apo-AI
is 17th, while alpha-S1-casein and the keratins (other than keratin 1) are far less abundant
in the culture medium (Table 4-2). Importantly, the presence of the latter proteins in the
coronas of all NPs suggests a selective enrichment which is not correlated with the
protein concentrations within the media. It should also be mentioned that all of the above
proteins are highly abundant in human plasma according to the most recent version of the
Human Peptide Atlas database [192], with the exception of alpha-S1-casein, which is not
a component of human plasma.
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Table 4-2 Abundance of the 14 proteins found in all NT protein coronas with their FBSDMEM abundance ranking. *P<0.05 vs. all others; #P<0.05 vs. Nanoclay, MWCNTPURE, MWCNT-RAW; ¶P<0.05 vs. SWCNT-RAW, MWCNT-PVP, MWCNT-COOH,
SWCNT-COOH.

97

Table 4-3 25 most abundant coronal proteins associated with each nanotube. Boxed
proteins are unique to that NT corona; bold proteins are common to all 7 NT coronas
(from Table 4-2).

The 25 most abundant proteins in each corona are listed in Table 4-3. Of all
protein corona constituents, the most abundant was Xin actin-binding repeat-containing
protein 2 (XIRP2) and was found only in MWCNT-Pure, MWCNT-PVP and SWCNTCOOH coronas. XIRP2, aka mXinβ and myomaxin, is a 382,300 Da protein expressed in
cardiac and skeletal muscle where it interacts with filamentous actin and α-actinin
through the novel actin-binding motif, the Xin repeat [193], [194]. It is also the 40th most
abundant protein in the FBS-supplemented culture medium. Like titin, this largely
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abundant coronal protein is associated with intracellular filamentous proteins. The ample
presence of XIRP2 in the media and in NT coronas may be in the form of protein
fragments that are more common to fetal serum and less so in adult human or bovine sera
where they are known to interact with albumin [195]. Other proteins may also be present
in the protein corona via their association with BSA, as part of the albuminome [195–
197]. For instance, the keratins identified in the protein coronas may be there through
their interaction with albumin directly, or indirectly via their known interaction with
apolipoproteins, which also interact with albumin [198]. While it is known that both
intact and fragmented proteins exist in the serum and in association with albumin and
other major serum proteins, their composition is beyond the scope of this investigation.
Unmodified MWCNT and SWCNT were found to bind a similar number of
proteins (Figure 4-3A). Unmodified MWCNT were found to more readily associate α-1antiproteinase (SERPINA1) and α-2-HS-glycoprotein (AHSG) than unmodified SWCNT
(Table 4-3). The addition of carboxyl groups to the surface of SWCNT and MWCNT
resulted in an increase in the number of types of protein which associated with the
nanomaterials compared to non-functionalized SWCNT and MWCNT-Raw (Figure
4-3A). This increase in the number of proteins bound to carboxylated-NT is likely due to
the abundance of protein amines in the medium which could readily associate with the
carboxyls through electrostatic interactions. The lower zeta potential (Figure 4-2B) and
higher protein binding capability of SWCNT COOH (Figure 4-3), compared with that of
MWCNT COOH, can be attributed to the larger surface area and therefore higher density
of COOH groups on the SWCNT surfaces. In addition, carboxylation of NTs was found

99

to increase binding of nuclear receptor coactivator-6, lactase-phlorizin hydrolase
(NCOA6) and ATP-binding cassette subfamily A member 1 (ABCA1) compared to
unmodified NTs (Table 4-3). PVP-coated MWCNT also demonstrated a slight increase in
number of proteins bound compared to raw non-functionalized MWCNT, implying the
more significant roles of hydrogen bonding and/or nonspecific electrostatic interactions
with protein amines than hydrophobic interaction in NT-protein corona formation.
Furthermore, PVP coating of MWCNT was found to increase association of ATP-binding
cassette subfamily A member compared to unmodified MWCNT.
To determine distinctive corona profiles, proteins that were unique to each
nanomaterial were examined (Figure 4-3B and Table 4-4). With only a few exceptions
(collectin-12, G-protein coupled receptor 98, basement membrane-specific heparan
sulfate

proteoglycan

core

protein,

kininogen-1,

receptor-type

tyrosine-protein

phosphatase zeta, plasma serine protease inhibitor, and vitrin), these NT-specific, low
abundance coronal components are proteins of intracellular origin with few or no
extracellular domains, representing virtually every subcellular compartment and
organelle

(via

Generic

Gene

Ontology

(http://go.princeton.edu/cgi-bin/GOTermMapper)).

(GO)

Term

It

well

is

Mapper
known

that

[199]
the

proteinaceous composition of serum/plasma includes a significant quantity of low
molecular weight protein fragments derived from cell and tissue proteins [200], many of
which are secreted and shed after degradation [201]. In fact, 70% of the FBS-DMEM
components identified and quantified by LC-MS/MS are intracellular, as are most of the
coronal components. It is likely that the cellular proteins were fragments and not whole

100

proteins as most were identified by 2 peptides and were in comparatively lower
abundance than the conventional “serum” protein constituents. Perhaps these cellular
fragments are the epitope motifs [115], [202] to which the cell responds upon initial
interaction with the NP-corona complex, and this may account for the differential effects
so often observed when cells are exposed in vitro to similar NPs with slight surface
modifications.
COOH-functionalization of SWCNT and MWCNT was found to increase the
number of unique proteins which associated the NTs compared to non-functionalized raw
NTs (Figure 4-3B), pointing to the role of covalent bonding between the carboxyls of the
NTs and amines of the proteins in corona formation. Numerous low-abundance “cellular”
proteins were found to be unique to the protein coronas of specific NT types. These NTspecific proteins are listed, along with their abundances, in Table 4-4.
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Table 4-4 Proteins unique to nanotube coronas. * found in all NT coronas; mean quality
shown.
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Surprisingly, despite the prevalence of in vitro nanotoxicology investigations,
only two studies have attempted to identify and characterize fetal bovine serum proteins
and their quantitative composition via SDS-PAGE separation and identification by LCMS/MS in coronas formed during in vitro NP exposures: citrate capped gold NP coronas
[170] and magnetic iron oxide NP coronas [203]. The electrophoretic approach used to
separate and detect coronal constituents in these studies may have limited the number of
proteins actually identified. All other previous studies of corona composition of NPs
using proteomic techniques have focused on human plasma/sera or cytosols and include:
amorphous silica [184]; polystyrene [185]; sulfonated polystyrene and silica [204];
atheronal-b and cholesterol coated quantum dots [205]; lipoplexes and liposomes [206–
210]; carboxyl-modified polystyrene [121]; carbon NTs and metal oxide [211] and
surface-functionalized gold in cell lysate proteins [167]. The studies have used SDSPAGE followed by LC-MS/MS identification.
Similar to our current study, Zhang et al. identified and quantified 88 distinct
human plasma proteins by stable isotope labeling and LC-MS/MS on polystyrene NPs in
which protein corona composition was surface modification-dependent [185]. Twelve of
the 88 proteins identified in the coronas of these polystyrene NPs were also common to
our FBS-DMEM protein corona profile for all nanomaterials assessed (plasma serine
protease inhibitor, apolipoprotein A-I, apolipoprotein A-II, fibrinogen alpha chain, alpha2-HS-glycoprotein, serotransferrin, kininogen-1, alpha-1-antitrypsin, vitamin D-binding
protein, albumin, complement C3 and complement C4). Unlike the high proportion of
cellular protein corona constituents observed in our study, only about 34% of Zhang et
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al.’s coronal proteins were intracellular. Interestingly, when Capriotti et al. used LCMS/MS to study the protein composition of coronas that formed on nanosized cationic
liposomes (CLs), lipoplexes, and lipid/polycation/DNA (LPD) complexes exposed to
human plasma roughly 70% of the 218 proteins were intracellular, similar to our results
in high aspect-ration NTs [207]. In a subsequent quantitative analysis, coronal protein
variety found on lipoplexes and LPD complexes was greater than that found on cationic
liposomes while individual protein abundance differed as well [210], again, similar to our
observations in NT coronas. Compared to these studies in human plasma/sera or cytosols
our current study provides information useful in interpreting and evaluating in vitro
nanomaterial toxicity studies. Taken together these previous studies and our current study
may assist with the extrapolation of in vitro nanomaterial toxicity data to relevant in vivo
interactions and human exposures.

4.4 Conclusion
NT protein coronas formed in vitro by exposure to FBS-DMEM media are
extremely complex as others using comprehensive proteomics and human plasma have
observed. Although typical serum proteins are abundant components of the protein
coronas, the latter also contain a large amount of proteins/protein fragments of cellular
origin. This provides a diverse composition of the each nanomaterial’s protein corona
which varies based on physicochemical differences. Factors such as nonspecific
hydrogen bonding, electrostatic interaction and the specific covalent bonding between the
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carboxyls of the NTs and amines of the proteins are likely responsible for the differences
in protein corona composition. Since functionalized NTs bound similar quantities of
proteins compared to pristine NTs, hydrophobic interactions and π-stacking between the
aromatic moieties of the proteins and the aromatic groups of the NTs are deemed less
significant in NT-protein corona formation. Although SWCNT-COOH and MWCNTCOOH were found to possess comparable hydrodynamic sizes, the conceivably more
rugged surface morphology (due to bundling) and higher charge density of the former led
to a slightly more robust binding of plasma proteins in both total number and structural
uniqueness. These unique constituents of protein corona, even those in low abundance
may cause unique cellular effects and bioactivity in in vitro nanotoxicology assessments.
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CHAPTER 5.

INTERACTION OF NANOPARTICLE-CORONA WITH
BIOLOGICAL SYSTEMS

In chapter 5, the formation of NP-protein corona and the interaction of such
corona with both simplified model and real biological systems are presented. First, lipid
vesicles were developed to represent the physical aspects of a mammalian cell, and
changes in the vesicle fluidity upon their interaction with pre-formed NP-protein corona
were examined. Second, a scheme of protein corona-cell interaction is presented to
determine the fate of such corona after being taken up by the cell.

5.1 Interactions of Silver Nanoparticle-Serum Albumin Protein Corona with
Lipid Vesicles
The first half of chapter 5 examines the physical interaction between a lipid
vesicle and an AgNP-HSA protein “corona”. Specifically, the binding of AgNPs and
HSA was analyzed by spectrophotometry and the induced conformational changes of the
HSA were inferred from circular dichroism spectroscopy. The fluidity of the vesicle, a
model system for mimicking cell membrane, was found to increase with the increased
exposure to AgNP-HSA corona, though less pronounced compared to that induced by
AgNPs alone. This study offers new information for understanding the role of physical
forces in NP-cell interaction and has implications for nanomedicine and nanotoxicology.

5.1.1 Introduction
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Understanding biological response to engineered nanomaterials is essential to the
continued development of nanomedicines, whose expanding repertoire includes design of
novel assemblies for gene and drug delivery and of highly specific and localized
bioimaging and disease and tumor detection. On the other hand, the mass production of
nanomaterials and rapid commercialization of nanotechnologies further justifies research
addressing occupational and environmental exposure to administered or accidentally
released NPs.[5], [69], [212], [213] Central to these crucial research needs is a
mechanistic description of the unique interplay between biological systems and
engineered nanomaterials,[5], [212], [213] especially at the cellular level which manifests
the unit of life.
It has been realized that NPs, upon their entry into the bloodstream or -- more
generically -- when dispersed in a biological fluid, interact readily with proteins, peptides,
amino acids, fatty acids, lipids, and other soft and organic matter.[214–216]
Consequently, the NPs acquire an enhanced mobility as well as biocompatibility and may
elicit their impact on the host system through a collective entity of NP-protein “corona”,
rather than the physicochemistry of the NP “core” alone.[107], [211], [214–217] Such
NP-protein corona may further initiate its contact with the cell through physical
adsorption or recognition by the membrane receptors specific for the proteins that
constitute the corona. Uptake of NPs is thought -- as agreed upon by a majority of the
research community -- to be realized via the energy-dependent biological process of
endocytosis, in addition to passive diffusion and mechanical or biochemical damage in
the lipid membrane induced by the trespassing NP.[5] However, despite intensive
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research efforts, both experimentally[17], [59], [81], [130–132], [148], [218–220] and
through atomistic and coarse-grained computer simulations,[82], [83], [221–223] it
remains unclear and often controversial as to what extent the thermodynamic and
endocytotic pathways may individually contribute to the convoluted process of NP cell
uptake.
Here we demonstrate a facile method of examining the physical interaction
between a lipid vesicle -- a model cell membrane -- and a NP-protein corona. The lipid
vesicle consists of zwitterionic DMPC doped with 10% anionic dimyristoyl
phosphatidylglycerol (DMPG). The equal chain length of the fatty acyl tails and
comparable head group sizes of DMPC and DMPG minimized phase separation in the
vesicle.[224] Physically, a dipole moment existed in DMPC that pointed from the O - to
the N+ within the lipid head, while only a negatively charged O- was present in the lipid
head of DMPG (Figure 5-1). Such net negative charge of the vesicle, afforded by the
10% DMPG lipids, conformed to the natural composition of weakly negative charge of
cell membranes. In addition, the consideration of protein corona, instead of bare NP
“core” alone, provided a more realistic system for examining the physical interactions
between NPs and the cell.
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Figure 5-1 Chemical structures of DMPC and DMPG.

5.1.2 Results and Discussion
AgNPs (coated with citrate) were purchased from NanoComposix and used in our
experiments. HSA (MW: 66,478) proteins were obtained from Sigma. Silver NPs were
selected due to their increasing mass production and domestic use,[225] while the
selection of HSA was based on its high abundance among plasma proteins. The zetapotentials of AgNPs and HSA in Milli-Q water (pH = 6.5) were determined to be -31 mV
and -17 mV, respectively (ZetaSizer Nano, Malvern). The stronger surface charge
provided a stable suspension for AgNPs, while HSA molecules could be multimeric due
to their weaker charge. AgNPs and HSA of molar ratios from 1:6 to 1:392 were incubated
at room temperature for 1 h and the hydrodynamic sizes of their mixtures were
determined by DLS (Nanosizer S90, Malvern). Figure 5-2 shows the increased size with
the increased ratio of HSA to AgNPs. Multi-layer coating of HSA onto AgNPs was
evident at the molar ratio of 1:122 and above, considering the size of an HSA monomer is
~8 nm.[226] The formation of AgNP-HSA corona was confirmed by transmission
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electron microscopy (TEM, Hitachi H7600), where AgNPs (4.92×10-4 M) were
incubated with HSA (7.16 M) at 4°C overnight and negatively stained with
phosphotungstic acid for 45 min prior to imaging. The average size of bare AgNPs was
~30 nm, in agreement with that provided by the vendor (Figure 5-3 left panel). With
incubation a thick layer of optically less dense material, believed to be HSA, was clearly
visible on the AgNP surfaces (Figure 5-3 right panel). The size of the AgNP-HSA corona
determined by TEM was ~80 nm, in agreement with the DLS measurement. Since both
the AgNPs and the HSA were net negatively charged, the formation of AgNP-HSA
corona could result from the hydrophobic surface moieties of the AgNPs interacting with
the hydrophobic domains of the HSA, as well as hydrogen bonding between the
hydroxyls or oxygens of the citrate coating on the AgNPs and the nitrogen or sulfur
electron acceptors or donors on the HSA.

Figure 5-2 Hydrodynamic sizes of AgNP-HSA at molar ratios of 1:6 to 1:392.
Incubation: 1 h.
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Figure 5-3 TEM images of bare AgNPs (left panel) and AgNP-HSA corona (right panel).

The formation of AgNP-HSA corona was further confirmed by measuring the
absorption spectra of AgNPs (9.8×10-5 M), HSA (1.42 M) and their mixture AgNPHSA using a UV-vis spectrophotometer (Cary 300 BIO, Varian). As shown in Figure 5-4
inset, a characteristic peak of SPR was identified for AgNPs at 404 nm. After incubation
with HSA, the absorption peak was red-shifted to 412 nm. This phenomenon can be
understood by the following analysis. Assume the dielectric constant of an AgNP relative
to its surrounding medium is  

s
  'i " , where εs and εm are the dielectric constants
m

of the AgNP and the medium respectively. Here ε’ is negative and decreases with the
increasing wavelength of light, while ε” is approximately constant for wavelength longer
than 300 nm. According to the Clausius-Mossotti relation,[25] the extinction crosssection of the AgNP can be expressed as Cext 

1
, and its extinction peak
(2   ' ) 2   "2

occurs at ε’ = -2, or Re( s )  2 m . Thus when εm was increased due to the binding of
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(dielectric) HSA molecules onto the AgNP, a red-shift in wavelength occurred for the
extinction to reach its new peak value.
To examine the physical interaction between AgNP-HSA and cell membranes,
artificial vesicles were generated by lipid extrusion. Specifically, 10 mg of DMPC lipids,
doped with 10% DMPG, were first dissolved in 1 mL of chloroform in a flask, and then
dried under airflow to form thin lipid sheets on the flask bottom. After that 1 mL of MilliQ water (at 30°C) was added to the flask to hydrate the lipid sheets and the mixture of
lipids and water was agitated for ~2 min to form large multilamellar vesicles (LMV).
This process was performed in a warm water bath to avoid gel-liquid crystal transition. A
water-bath sonication was then applied to the mixture for 5 to 10 min to form large
unilamellar vesicles (LUV). After sonication, the vesicle suspension was extruded
through a porous polycarbonate membrane (pore size: 100 nm) to yield uniformly sized
LUV (100 nm). In particular, for the detection of vesicle phase transition, Laurdan dye
was added to the chloroform solution to partition into the vesicle bilayers.
To investigate the effect of AgNP binding on the conformation of HSA, circular
dichroism (CD) spectroscopy was performed. AgNPs and HSA were incubated for 8 h
prior to the measurement, using the same molar ratio but diluted 16× as in the UV-vis
measurement to comply with the sensitivity of the spectropolarimeter (Jasco J-810). The
vesicle-HSA sample was prepared by mixing the DMPC vesicles (10% DMPG-doped)
and HSA immediately before the CD measurement. The vesicle-AgNP-HSA sample was
obtained from the mixture of DMPC vesicles (10% DMPG-doped) and pre-formed
AgNP-HSA corona. The CD spectra were acquired at room temperature over a
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wavelength range of 200-300 nm using quartz cuvettes, and were averaged over three
scans taken at a speed of 50 nm/min. The backgrounds of the AgNPs and vesicles were
subtracted accordingly.
The readout values of the HSA ellipticity (θ, in mdeg) were converted to a
standard unit of deg∙cm2/dmol ([θ]) using equation [ ]  (  M 0 ) /(10000  Csoln  L) ,
where M0 is the mean residue molecular weight (118 g/mol), Csoln is the protein
concentration in solution (in g/mL), and L is the path length through the buffer (1 cm). As
shown in Figure 5-4, the α-helix content in HSA decreased by 15.7% after incubation
with AgNPs, compared to that for the native state of HSA, and decreased by 18.4% after
incubation with the vesicles. However, incubating vesicles with the pre-formed AgNPHSA corona reversed the conformational change of HSA induced by AgNPs, causing a
decrease of only 3.2% in the α-helix content of the HSA. For β-sheets, increases of 5.8%
and 15.9% were observed for the samples of AgNP-HSA and vesicle-HSA respectively,
and a decrease of 7.3% was measured for the sample of vesicle-AgNP-HSA, compared to
that for the sample of HSA alone. These results suggest that, in the presence of either
vesicles or AgNPs, HSA could undergo significant conformational changes to alter its αhelices into β-sheets and other secondary structures. Such changes can be attributed to the
interaction between the hydrophobic domains in the HSA and the hydrophobic surface
areas of the AgNPs, and electrostatic attraction between the negatively charged surface
domains of HSA and the positively charged DMPC lipid head groups. In contrast, the net
negative charge of the vesicles further compromised the relatively weak affinity of the
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negatively charged AgNPs for the HSA, leading to the partial recovery of protein
conformation.

Figure 5-4 Percent of secondary HSA structures inferred from the CD spectra for native
HSA, HSA pre-incubated with AgNPs, HSA in the presence of vesicles, and HSA preincubated with AgNPs in the presence of vesicles. Inset: UV-vis spectra showing a redshift of the extinction peak of AgNPs pre-incubated with HSA. Pre-incubation time: 8 h.

The effect of AgNP-HSA protein corona on the fluidity of DMPG-doped DMPC
vesicles was evaluated based on the fluorescence emission of the Laurdan dyes
partitioned within the vesicle bilayers (Figure 5-5). First, samples of AgNP-HSA
mixtures were prepared at different concentrations (6.15×10-7 to 492×10-7 M for AgNPs
and, accordingly, 8.95×10-3 to 716×10-3 M for HSA) and incubated at 4°C overnight to
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ensure the equilibrium of their binding. Then the samples were separately added to the
vesicle suspensions of 0.05 mg/mL. A spectrofluorometer (Cary Eclipse, Varian) was
used to excite the Laurdan at 340 nm and the fluorescence intensities of the dyes were
collected at both 416 nm and 473 nm to derive the GP values for the vesicles:[17], [81]

GP 

I 416  I 473
. An increasing GP value indicates a phase transition toward gelatin,
I 416  I 473

while a decreasing GP value represents fluidization. The spectrofluorometer chamber was
operated at 25°C, above the lipid phase transition temperature. Measurements were
repeated for AgNPs and HSA respectively.

Figure 5-5 Schematic of AgNP-HSA corona interacting with a Laurdan-labeled, DMPGdoped DMPC vesicle.

Compared with the control vesicles, HSA showed little impact while both AgNPs
and AgNP-HSA gave rise to decreased GP values in the vesicles (Figure 5-6). This
indicates an enhanced fluidization of the vesicle bilayers, which may be attributed to the
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structural reorganizations of the vesicles in response to the NP adsorption. In addition to
the prevalent weak forces of hydrogen bonding and vdW interaction, strong and long
range electrostatic interactions between the charged domains of the lipids (N+ in the
DMPC and O- in the DMPG, Figure 5-1) and that of the AgNPs (e.g., citrate coating) or
AgNP-HSA also took place to alter the vesicle fluidity. As shown in Figure 5-6, at low
NP/protein concentrations, the effect of AgNPs on vesicle fluidity was similar to that
induced by AgNP-HSA, implying that both AgNPs and HSA in the corona interacted
with the lipid vesicles. In contrast, at high NP/ protein concentrations, due to the presence
of excess unbound HSA molecules, the vesicles experienced less perturbation from the
AgNPs in the corona than from bare AgNPs.

Figure 5-6 Percent change of GP values for vesicles incubated with different
concentrations of AgNPs, HSA, or AgNP-HSA. The concentration of the (DMPC+10%
DMPG) lipids was 0.05 mg/mL for all cases. The percent changes were calculated by
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comparing the actual GP values of the samples with that of the vesicle suspension
(control). Since the GP values of the control were negative, a positive percent change
corresponds to a decreasing GP value.

5.1.3 Conclusion
Taken together the results from the UV-vis, TEM and CD measurements, it is
evident that the binding of AgNP-HSA was primarily mediated by the physical forces of
hydrogen bonding, electrostatic interaction, and hydrophobic interaction. Upon the
formation of AgNP-HSA corona the percent of α-helices was reduced while that of β
sheets was increased in the HSA secondary structures, possibly resulting from breakage
of the hydrogen bonds between neighboring α-helices and configuration of new,
sterically less ordered hydrogen bonds between the α-helices and the citrate coating of the
AgNPs. As shown in the CD measurement, the presence of lipid vesicles alleviated the
conformational changes of the proteins induced by the NPs, likely due to the electrostatic
repulsion between the vesicles and the NPs. Conversely, the GP measurement
demonstrated that both NPs and protein corona interacted with lipid vesicles to enhance
fluidity of the latter, although free proteins did not exert much effect on the vesicle
conformation. Overall, our study suggests that the formation of NP-protein corona may
negate, to certain extent, the physical interactions between the NP core and cell
membranes. Such physical perspective, when combined with the biological and
biochemical mechanisms of endocytosis, lipid peroxidation, and enzymatic activity,[49]
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may prove essential for our understanding and prediction of the behavior of
nanomaterials in biological systems for the advancement of nanomedicine and
nanotoxicology.

5.2 Formation and Cell Translocation of Carbon Nanotube-Fibrinogen
Protein Corona
The second half of chapter 5 examines the binding of plasma fibrinogen (FBI)
with both single-walled and multi-walled carbon nanotubes (SWNTs and MWNTs).
Specifically, our absorbance study indicated that MWNTs were coated with multi-layers
of FBI to render a “hard protein corona”, while SWNTs were adsorbed with thin layers of
the protein to precipitate out of the aqueous phase. In addition, static quenching as a
result of energy transfer from fluorescently labeled FBI to their nanotube substrates was
revealed by Stern-Volmer analysis. When exposed to HT-29 cells, the nanotubes and FBI
could readily dissociate, possibly stemming from their differential affinities for the
amphiphilic membrane bilayer.

5.2.1 Introduction
Carbon-based nanomaterials have been studied extensively over the past two
decades for their unique physical properties and vast potential in electronics, imaging,
sensing, biotechnology, and environmental remediation. CNTs, a major class of carbonbased nanomaterials, are especially attractive for biological and medicinal applications
owing to their large surface area, high aspect ratio, and simplicity for accommodating
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chemical groups and drug loads.[227] However, integrating carbon nanomaterials with
biological systems must first address the inherently poor solubility and biocompatibility
of the engineered materials, on molecular, cellular and whole organism levels.[5], [212]
The solubility and biocompatibility of carbon-based nanomaterials may be
afforded or enhanced through specific surface functionalization or nonspecific adsorption
of proteins, lipids, amino acids, and nucleic acids.[228–232] Alternatively to such
purposeful surface modifications, NPs voluntarily assume the form of a NP-protein
“corona” upon entering living systems,[215] resulting from their surface adsorption by
plasma proteins and other biomolecular species. Naturally, understanding the formation
of NP-protein corona has become a focused area of study due to its great relevance to
delineating the fate and toxicity as well as facilitating the biological and medicinal
applications of nanomaterials.[202]
The currently accepted paradigm assumes that the formation of NP-protein corona
depends upon the physicochemical properties of the NPs (surface charge, coating, shape,
roughness, and reactivity), the solvent (pH, ionic strength, and temperature), and the
proteins

(amphiphilicity,

charge,

pKa,

chemical

composition,

and

folding

dynamics).[202], [216], [233] In addition, plasma proteins may exhibit short (“soft”) or
long-term (“hard”) residence times on their NP substrates,[234] derived from the
cooperativity (the Vroman effect,[118] folding/unfolding) between the proteins
convolved with the protein affinity for the NP substrates mediated by electrostatic and
hydrophobic interactions, vdW forces, and hydrogen bonding.
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5.2.2 Results and Discussion
In consideration of the vast biological and medicinal potentials of carbon-based
nanomaterials, we have examined the binding of both SWNTs and MWNTs with FBI, a
major class of plasma glycoprotein that is essential for the coagulation of blood. It is
shown through this study that the formation and stability of CNT-FBI coronas correlate
with the differential surface areas of the two types of CNTs, as indicated by our UV-vis
spectrophotometry and electron and fluorescence measurements. In addition, we have
determined that the binding of fluorescently labeled FBI onto CNTs induced static (and
possibly dark) quenching of the protein fluorescence. Utilizing the energy transfer
between labeled FBI and CNTs (Figure 5-7), we have shown that CNT-FBI coronas
could dissociate upon cell translocation, likely as a result of the different affinities of the
proteins and the nanostructures for the membrane bilayers. The knowledge derived from
this biophysical study complements the existing proteomic, thermodynamic, and
chromatographic studies of NP-protein corona,[111], [202], [211], [217], [233], [234] and
may benefit both in vitro and in vivo evaluations of biological responses to intentionally
administered or accidentally released nanomaterials.
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Figure 5-7 Schematic of the present study, showing quenching of FBI fluorescence as a
result of energy transfer from the proteins to their CNT substrate and translocation of
CNT-FBI across a cell membrane.

SWNTs (diameter: 1.4 nm, length: 0.5-3 m, 5% impurities) and MWNTs (OD:
40-70 nm, ID: 5-40 nm, length: 0.5-2 m) were purchased from Carbon
Nanotechnologies and Sigma. Bovine plasma FBI (termed as “unlabeled FBI”, MW:
330kDa) and Alexa Fluor 546-labeled human plasma FBI (termed as “labeled FBI”, ~15
dyes per FBI, Ex/Em: 558/573 nm) were received from Sigma and Invitrogen. The
surface areas of SWNTs and MWNTs (in powder form) were derived from the BrunauerEmmett-Teller (BET) equation[235] and the Barrett-Joyner-Halenda (BJH) method[236]
as 855 and 104 m2/g, respectively, using a physisorption analyzer (Micromeritics ASAP
2010).
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The formation of CNT-FBI coronas was first visualized by scanning electron
microscopy (SEM) imaging (Figure 5-8). Specifically, CNTs and unlabeled FBI were
mixed with Milli-Q water to final concentrations of 0.3 and 0.4 mg/mL respectively and
incubated overnight. The CNT-FBI samples were then deposited onto aluminum
substrates and air-dried. A Hummer 6.2 (Anatech) sputter was used to pre-coat the
samples with a 2-4 nm layer of platinum for 1 min (pressure: 80 milli-torr, voltage: 15
mA). SEM imaging of the CNT-FBI protein coronas was then performed using a Hitachi
S4800 electron microscope, at accelerating voltages of 10-15 kV. FBI coated both the
SWNTs and MWNTs fully, and especially in the case of MWNTs the protein
agglomeration on the nanotube surfaces appeared complex in morphology. This is likely
due to the bundling of the SWNTs (Figure 5-8, SWNTs control), whose surface
roughness and grooves could promote the predominantly axial orientations of the tubular
FBI. In comparison, the larger and flatter MWNT surfaces should be less restrictive for
the binding of the protein.

122

Figure 5-8 SEM images of SWNT bundles, SWNT-FBI coronas (top panels), MWNTs,
and MWNT-FBI coronas (bottom panels). Scale bar: 200 nm for all panels.

The stabilities of the CNT-FBI coronas were characterized by a Cary 300 BIO
spectrophotometer (Varian). SWNTs and MWNTs were mixed separately with unlabeled
FBI in Milli-Q water (pH 6.5) to render final concentrations of 0.5 mg/mL for both types
of the CNTs and 2.5 mg/mL for the protein, respectively. The absorbance of the CNTFBI mixtures was measured at 280 nm, corresponding to the wavelength where the
tryptophan residues in FBI exhibited a peak absorbance. The absorbance measurement
was conducted for 10 h, at a time interval of 30 min. As shown in Figure 5-9, the
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absorbance dropped exponentially until stabilized after ~400 min for the SWNT-FBI
sample, while it remained very stable for the MWNT-FBI sample over the entire course
of 10 h. This result suggests that the SWNT-FBI coronas were “softer” than the MWNTFBI, a proposition also corroborated by our analysis below. In addition to vdW force,
hydrophobic interaction, as well as π-stacking which could underlie the formation of
CNT-FBI coronas, FBI could also initiate hydrogen bonding between adjacent CNT-FBI
coronas. In the case of SWNTs such inter-corona interaction could further destabilize the
protein coating to induce precipitation.
The two different trends of protein absorbance in Figure 5-9 can be analyzed
using the Mason-Weaver differential equation:[237]

c
 2c
c
, where c is
 D 2  sg
t
z
t

concentration of the solute (i.e., the CNT-FBI corona), D and s are the solute diffusion
constant and sedimentation coefficient, z is a length parameter, and g is the acceleration
of gravity. Based on the fitted exponents of -0.007 (for SWNTs) and 0 (for MWNTs) in
Fig. 2a, the value of 4D/(sg)2 was calculated as 136.7 min for SWNTs and infinity for
MWNTs. Assuming m0 and mb are the actual and buoyant mass of the solute, ρf and ρ0 the
densities of the solute and water, kb the Boltzmann constant, and T the temperature, and
evoking equations mb  m0 (1   f /  0 ) and s / D  mb / kbT derived from the Einstein
relation we estimate that SWNT-FBI possessed an effective density of 1.36 g/cm3 while
MWNT-FBI assumed an effective density approximately equal to that of water. Since the
density of SWNTs is ~1.4 times that of water[238] and is only slightly higher than that of
SWNT-FBI, we conclude that SWNT bundles were coated with thin layers of FBI to
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elicit a poor stability in water. In contrast, our analysis implies that MWNTs were
adsorbed with multilayers of the protein to render a hard corona.
1.1
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Figure 5-9 Normalized absorbance curves showing the stability of CNT-FBI coronas for
both SWNTs (blue diamonds) and MWNTs (red circles) over 10 h.

Fluorescence spectroscopy was utilized to yield more insight on the binding of
CNTs and FBI. Specifically, 3 mg of SWNTs and MWNTs were each added to 3 mL of
Milli-Q water and bath sonicated for 1 h. The CNTs were then mixed individually with
66.7 L of the labeled-FBI (1.5 mg/mL) and Milli-Q water to yield samples containing
10-80 g/mL of SWNTs, 100-800 g/mL of MWNTs, and 100 g/mL of labeled FBI.
The CNT-labeled FBI samples were then bath sonicated (Precision, Thermo) for 15 min
and incubated for 1 h on a rotator. After that the CNT-labeled FBI mixtures were
centrifuged at 12,100 RCF (13,400 RPM) for 15 min and supernatants containing free,
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labeled FBI molecules were collected. Fluorescence intensities (Ex/Em: 558 nm/565-585
nm) of the supernatants were acquired using a Cary Eclipse spectrofluorometer (Varian).
Compared with the control, the fluorescence intensities of all CNT-labeled FBI
samples decreased (Figure 5-10) as a result of CNT-FBI corona formation. Such
fluorescence quenching can be attributed to the energy transfer between the labeled FBI
(donor) upon excitation and the CNTs (acceptor) upon their binding with the proteins.
This energy transfer was efficient for SWNTs because their second van Hove absorption
transitions (i.e., 500-900 nm)[15], [239] coincided with the emission of the Alexa Fluor
546 dye. Based on geometrical argument and our surface area measurement, the
adsorbing capability of SWNTs was estimated as one order of magnitude higher than that
of MWNTs per unit mass. Indeed, the fluorescence intensities were comparable between
SWNT and the 10× more concentrated MWNT samples, showing a good correlation
between protein adsorption capacity and surface area of the CNTs.
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Figure 5-10 Fluorescence intensities of free, labeled FBI supernatants obtained from
pelleting SWNT-FBI (blue curves, 10, 40, and 80 g/mL of the SWNTs) and MWNTFBI coronas (red curves, 100, 400, and 800 g/mL of the MWNTs). The fluorescence
intensities decreased with increased nanotube concentration for both samples.

The peak fluorescence intensities at 572 nm were plotted for the CNT-labeled FBI
samples and fitted using the Stern-Volmer equation:[240] I0/If = 1 + KSV[CNT], here I0 and
If are the fluorescence intensities of the labeled FBI (control) and CNT-labeled FBI
mixture respectively, KSV is the Stern-Volmer quenching coefficient, and [CNT] is the
concentration of the nanotubes. The Stern-Volmer plots appeared linear for both SWNTFBI and MWNT-FBI samples at lower CNT concentrations (first 4 data points in Figure
5-11), indicating a single quenching mechanism. At higher CNT concentrations, however,
both curves deviated from linearity to denote occurrence of additional quenching
mechanisms. Since collision between CNTs and FBI should occur more frequently at
high concentrations the linear Stern-Volmer plots at the low CNT concentrations were
attributed to static quenching. Though not substantiated in this study CNTs may also
absorb light analogously to blackbody.[241] In our experiment, the molar mass ratio of
the SWNTs to MWNTs was 1:418, and therefore the ratio of the Stern-Volmer
coefficients for the SWNT-FBI and MWNT-FBI samples was 32.7:(8.8×418)=1:112.
This analysis revealed that MWNTs were far more efficient quenchers than SWNTs,
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whose smaller diameter and greater curvature were less favorable for the adsorption and
alignment of the tubular FBI molecules.
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Figure 5-11 Stern-Volmer plots show quenching coefficients of 32.7 and 8.8 for SWNTFBI and MWNT-FBI coronas, respectively. I0 and If: fluorescence intensities of the
labeled FBI control and the CNT-labeled FBI mixture, respectively. CNT concentrations:
0.02 to 0.08 mg/mL.

The fluorescence quenching upon corona formation was utilized to examine the
stability of CNT-FBI in vitro. For this purpose, HT-29 human colonic adenocarcinoma
cell lines were cultured in DMEM with 1% penicillin streptomycin, 1% sodium pyruvate,
and 10% fetal bovine serum. Approximately 5,000 cells were seeded in each well of a
chambered glass slide and allowed to attach overnight at 37°C with 5% CO2. The culture
medium was then replaced with phosphate buffered saline (PBS) and CNTs coated with
purified labeled FBI (free proteins removed by centrifugation) and added in each well to
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obtain concentrations of 1.25 and 12.5 μg/mL for the SWNTs and the MWNTs,
respectively. This mass concentration ratio of 1:10 was to ensure the same amount of
labeled FBI coated on the two types of nanotubes. The CNT-FBI coronas were allowed to
incubate with cells for 2 h, followed by washing and replacing with fresh PBS prior to
imaging.
As shown in Figure 5-12, the FBI fluorescence is largely quenched in both panels
(c) and (d), indicating CNT-FBI corona formation for both SWNTs and MWNTs. Cell
adsorption of SWNT-FBI and fluorescence recovery of FBI in intracellular space were
evident (Figure 5-12e, arrows), suggesting dissociation of SWNTs and FBI post
membrane translocation. The isoelectric point of FBI is 5.5,[242] and therefore the
proteins were slightly positively charged when stored/processed in endosomes and
lysosomes (~pH 4.5) and slightly negatively charged when located in cytosol (~pH 7.2).
Since the SWNT surfaces were charge neutral, changes in pH in the intra- and
extracellular environment should not drastically impact the binding of SWNT-FBI. The
dissociation of SWNTs and FBI is therefore attributed to their differential affinities for
the amphiphilic cell membranes.
Pronounced cell adsorption of MWNT-FBI and recovery of FBI fluorescence in
the extracellular space were observed, but minimal fluorescence was seen in the
intracellular space perhaps due to the high energy cost for MWNT endocytosis (Figure
5-12f). In addition, cell damage (from elongated to round shapes) was more apparent for
MWNTs than SWNTs (Figure 5-12f vs. e), likely due to the higher dosage and the
toxicity associated with the MWNTs.[243]
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Figure 5-12 HT-29 cell uptake of CNT-FBI coronas overlaid from bright field and
confocal fluorescence images. (a, b) Controls of labeled FBI fluorescence and HT-29
cells. (c, d) Controls of SWNT-FBI and MWNT-FBI showing fluorescence quenching.
(e) Cell adsorption of SWNT-FBI and FBI fluorescence recovery in the intracellular
space (arrows). (f) Pronounced cell adsorption and dissociation of MWNT-FBI in the
extracellular space indicated by fluorescence recovery. Cell damage induced by MWNTs
is evident. Scale bar: 10 m for all images.
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5.2.3 Conclusion
In short, we have examined the formation and stability of CNT-FBI coronas in the
aqueous phase and in vitro. The binding between CNTs and FBI is consistent with the
high hydrophobic and aromatic moieties of both the protein and the nanotubes. The
differential “hardness” and stability of the SWNT-FBI and MWNT-FBI coronas were
analyzed based on the concept of buoyant mass and Stern-Volmer plots, and were
attributed to the different surface areas and morphology of the two types of CNTs. This
study offers a new biophysical perspective for elucidating the concept of NP-protein
corona and their dynamic conformational changes, a topic essential to our understanding
of the implications and applications of nanomaterials in living systems.
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CHAPTER 6.

CONCLUSION AND FUTURE WORK

6.1 Conclusions of Dissertation
This dissertation has been focused on an investigation of NP-cell interaction on
both the molecular and cellular level, an essential component of our inquiry into the
behaviors of NPs in biological and ecosystems. A number of studies have been conducted
and described in the chapters, involving characterization of the physicochemistry of NPs
and the responses of their host systems upon nanomaterial exposure, using the principles
of biophysics, molecular and plant cell biology, and toxicology. The most important
observations and conclusions of this dissertation are summarized below.

Differential uptake of fullerene derivatives across plant vs. mammalian cells
(chapter 2)


The difference in the responses of plant and mammalian cells to NPs is a
combined result of NP filtration by the porous plant cell wall, confinement
on NP mobility by the hydrophobic, thick, and rigid plant cell wall and the
amphiphilic, thin, and fluidic plasma membrane, as well as the
physiochemical properties of the NPs. The filtration by the plant cell wall
favors uptake of smaller and hydrophilic or amphiphilic NPs.



Post-translocation small and hydrophilic NPs are confined at the interface
between the plant cell wall and its plasma membrane, and can self
assemble to initiate a mechanical damage to the plasma membrane.
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At high concentrations adsorption of hydrophobic NPs onto the plant cell
wall and their retention within the plant cell wall could impact the
physiological state of the plant cell.

Absence of a cell wall in mammalian cells is favorable for minimizing the adverse
effect of hydrophilic NPs, but encourages membrane partitioning by hydrophobic NPs to
induce cell damage. This observation is entirely opposite to that for plant cells mainly
due to the presence of a plant cell wall and is consistent with the simulation predictions
by Qiao and Ke. [82]

Endocytosis and exocytosis of NPs (chapter 3)


Increased concentrations of NPs usually enhance their uptake by
endocytosis.



The rate of exocytosis of NPs by mammalian cells correlates with
increased Ca2+ concentration in the extracellular space.



Exocytosis of NPs could result in a phase transition in the cell membrane
moving from the liquid phase to the gel phase, through recovery of lipids
from the exocytosed vesicles.

Surface modifications of nanostructures by proteins and their interactions with
cells (chapters 4 and 5)


Our proteomic analysis have identified and quantified different protein
components in the NP-protein coronas formed in cell culture media.
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Based on the surface physicochemical properties of the NPs, it is
evident that such NP-protein coronas are formed primarily by the
physical forces of hydrogen bonding, electrostatic interactions, and
hydrophobic interactions.


Upon binding onto NP surface, proteins typically undergo secondary
structural changes to render reduced percentage of α-helices and
increased percentage of β-sheets, possibly resulting from breakage of
the hydrogen bonds between neighboring α-helices and configuration
of new, sterically less ordered hydrogen bonds between the α-helices
and the hydrophilic coating of the NPs.



The NP-specific, low abundance coronal components detected by the
proteomic study are proteins of intracellular origin with few or no
extracellular domains, representing virtually every subcellular
compartment and organelle.



COOH-functionalized CNTs were found to increase the number of
unique proteins associated with the CNTs, compared to nonfunctionalized raw CNTs, pointing to the role of covalent bonding
between the carboxyls of the NTs and amines of the proteins in corona
formation.



The presence of lipid vesicles alleviated the conformational changes of
the proteins induced by negatively charged NPs, resulting from the
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electrostatic repulsions between the negatively charged vesicles and
the NPs.


Both NPs and NP-protein corona interacted with lipid vesicles to
enhance membrane fluidity, although free proteins did not exert much
effect on the vesicle conformation due to energetic concerns.



SWNTs form softer coronas than do MWNTs due to their different
morphologies and thus different binding energy landscapes.



The fibrinogen-adsorbing capability of SWNTs was estimated as one
order of magnitude higher than that of MWNTs per unit mass. While
MWNTs were far more efficient quenchers than SWNTs, whose
smaller diameter and greater curvature were less favorable for the
adsorption and alignment of the tubular protein molecules.



Our fluorescence imaging showed that NP-protein corona could
dissociate post its membrane translocation, implying the dynamic
nature of such NP-protein complex that is not well understood.

6.2 Future Work
Throughout this PhD research, I have studied the interactions of gold, silver, and
fullerene NPs with both plant and mammalian cells, on both the cellular and molecular
level. My project has revealed how proteins in biological fluids and in cell culture media
may interact, bind, and modify the surfaces of NPs of different physicochemistry, and
how those surface modifications may impact the fate of nanomaterials in biological
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systems. Such biophysical observations and characterizations have enriched our
knowledge regarding the complex phenomena at the nano-bio interface and, at the same
time, indicated that much has yet to be learned to better guide the safe development of
nanotechnology and protect the environment from the potential pitfalls of discharged
nanomaterials. In the light of such an understanding I propose my future work in the
following two categories.

1. As delineated throughout this dissertation that NP-biomolecular
interactions depend strongly on the shape, size, and surface charge of the
NPs and the structural characters of the biomolecules. Thus, I propose to
examine the binding of an array of nanomaterials (metal, metal oxides,
graphene, graphene oxides, QDs, and plastic) and biomolecules (lipids,
amino acids, fatty acids, peptides, and proteins) of different size, surface
charge, and surface coating, in order to establish a comprehensive library
regarding the binding modes, dynamics and energetics of NP-biocoronas.
For example, it would be desirable to compare the interactions of globular
HSA and rod-like fibrinogen with both citrate- and PVP-coated AuNPs
and Au nanorods, and establish the correlations between NP morphology
and the dynamics and hardness of their protein coronas.

2. As aforementioned that the surface modifications of NPs by biomolecules
could greatly impact the response of their hosting biological systems, such

136

as ligand-receptor recognition, uptake, translocation, ROS production, and
immune response elicited by the NPs. It is therefore of great relevance and
significance that the biological responses to nanomaterials ought to be
examined with respect to the entity of NP-protein corona, instead of the
properties of the NP alone or the proteins alone. Based on the receptors for
a specific cell type that is of interest, we could first surface-modify NPs
with their corresponding ligand molecules, determine conformational
changes of the ligands residing on the NP surfaces that are induced by
physical adsorption and the crowding amongst the packed and free
proteins, and then correlate the NP-protein coronas with their cellular
uptake, translocation, and cytotoxicity. In addition, the fate of metallic
NPs in biological systems should also be examined, for example, in
connection with ion release of the NPs, and cellular trafficking, processing,
and enzymatic degradation of the NPs. Furthermore, NPs coated by
specific antigens could trigger severe immune responses of mast cells and
lymphocytes. Testing immune response on those cell types, such as
specific and non-specific IgE production, is of great importance for
addressing the impact of NP-biocorona on immune systems and therefore
shedding light on the connections between NP exposure and human health.
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APPENDIX

Glossary of Terms
Symbol

Quantity

AFM

atomic force microscopy

AO/EB

acridine orange/ethdium bromide

ATP

adenosine-5’-triphosphate

BAM

N-tert-butylacrylamide

BFG

bovine fibrinogen

BSA

bovine serum albumin

CB

carbon black

CD

circuar dichroism

CNT

carbon nanotube

CTC

circulating tumor cells

DC-chol

3b-[N-(N′,N′-dimethylaminoethane)- carbamoyl]-cholesterol

DEX

dexamethasone

DMEM

Dulbecco’s Modified Eagle’s Medium

DMPC

dimyristoyl phosphocholine

DNA

deoxyribonucleic acid

DOPC

dioleoylphosphatidycholine

DOPE

dioleoylphosphatidycholine

DPPC

dioleoylphosphatidycholine

EDS

energy dispersion x-ray spectroscopy

EGF

epidermal growth factor

EGFR

epidermal growth factor receptor

FBI

fibrinogen
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FBS

fetal bovine serum

FD

fluorescein diacetate

FDR

false discovery rate

FFT

fast fourier transform

GFP

green fluorescent protein

GP

generalized polarization

GSH

tripeptide glutathione

H-bonding

hydrogen-bonding

HDL

high density lipoprotein

HSA

human serum albumin

HUVEC

human umbilical vein endothelial cells

ITC

isothermal titration calorimetry

IgG

Immunoglobulin G

LFQMS

label-free quantitative mass spectrometry

LPC

lysophophatidylcholine

MD

molecular dynamics

MRI

magnetic resonance imaging

MTT

methyl thiazolyl tetrazolium

MWCNT

multi-walled carbon nanotubes

MWNT

multi-walled nanotube

NIPAM

N-isopropylacrylamide

NIR

near infrared

NOM

natural organic matter

NP

nanoparticle

NT

nanotube

oxSWNH

oxidized single-wall carbon nanohorn

PAGE

polyacrylamide gel electrophoresis
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PEG

polyethylene glycol

PEG-PHDCA

poly(methoxypolyethyleneglycol cyanoa-crylate-co-hexadecylcyanoacrylate)

PEI

polyethylenimine

PI

propidium iodide

PL-PEG

phospholipid-polyethylene glycol

POPC

palmitoyloleoylphosphocholine

PRM

proline-rich peptide motifs

PVP

polyvinylpyrrolidone

Phe

phenylalanine

QD

quantum dot

RNA

ribonucleic acid

ROS

reactive oxygen species

SC

Subtilisin Carlsberg

SCCHN

squamous cell carcinoma of the head and neck

SDS

sodium dodecyl sulfate

SERS

surface enhanced spectroscopy

siRNA

small interfering ribonucleic acid

SLN

solid lipid nanoparticle

SPR

surface plasmon resonance

SRCD

synchrotron radiation circular dichroism

SWCNT

single-walled carbon nanotube

SWNH

sigle-wall cabon nanohorn

SWNT

single-walled nanotube

TEM

transmission electron microscopy

TNB

Temple-Northeastern-Birmingham

TPP

Trans-Proteomic Pipeline

Tf

transferrin
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Trp

tryptophan

Tyr

tyrosine

vdW

van der Waals

VEGF

vascular endothelial growth factor

WST

water-soluble tetrazolium
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